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TECHNICAL  REPORT 


INTRODUCTION 

Metastable  excited  nuclear  states,  isomers,  have  been  a  major  subject  of  inquiry 
since  their  discovery  in  1921,  with  studies  motivated  in  different  ways  by  their  physical 
properties.  Isomer  halflives  run  the  gamut  from  rather  modest  (like  the  ~  14  ms 
shape  isomer  of  242Am)  to  extremely  long  (like  the  essentially  stable  spin  isomer  1S0mTa, 
with  T 1/2  >  1015  years).  Quite  short-lived  isomers  also  exist.  In  all  cases,  the  existence  of 
an  isomer  reflects  specific  nuclear  structure  that  creates  some  type  of  potential  barrier 
against  electromagnetic  decay  of  the  metastable  level  to  lower-lying  states.  For  so-called 
spin  isomers,  it  is  the  angular  momentum  arising  from  a  particular  single-particle 
configuration  that  provides  such  a  barrier,  forcing  electromagnetic  decays  to  be  restricted 
to  high  multipolarities.  A  further  inhibition  for  K  isomers  of  deformed  nuclei  comes 
from  a  need  to  significantly  re-orient  the  angular  momentum  vector,  whose  projection  on 
the  body  axis  of  nuclear  symmetry  is  K.  A  full  discussion  of  the  underlying  mechanisms 
of  isomer  formation  is  beyond  this  present  paper,  but  an  excellent  review  may  be  found  in 
Ref.  [1].  The  population  and  decay  of  isomers  can  give  considerable  insight  into  nuclear 
structure  [2], 

Isomers  have  also  been  of  great  interest  for  potential  applications,  primarily  due 
to  the  ability  of  some  isomers  to  store  tremendous  amounts  of  energy,  e.  g.  the  K  isomer 
i78m2pjf  stores  2 .46  MeV  per  nucleus,  or  about  1.2  GigaJoules/gram,  with  a  halflife  of 
31  years.  Its  natural  decay  follows  a  complex  cascade  of  transitions  that  has  recently 
been  clarified  [3]  under  this  grant,  terminating  at  the  stable  ground  state.  Harnessing  this 
stored  energy  could  give  a  source  of  "clean"  nuclear  energy  for  various  applications  [4], 
Some  other  isomers  do  not  have  stable  ground  states,  but  might  still  be  valuable  in 
providing  a  sequence  of  energy-releasing  beta  or  alpha  decays  [5], 

Whatever  the  motivation,  much  effort  has  been  expended  to  investigate  the 
triggering  of  an  energy  release  from  long-lived  isomers,  mainly  as  a  burst  of  gamma  rays. 
A  number  of  issues  come  to  the  fore  when  considering  this  topic:  what  isomers  would  be 
best  to  examine,  what  mechanism(s)  would  allow  external  control  or  bypass  of  the  natural 
decay,  and  how  would  one  experimentally  measure  a  triggered  release  from  small 
amounts  of  isomers.  Of  course,  the  experimental  goal  would  be  to  measure  the  energy 
required  for  the  triggering  entity  (photons,  neutrons,  etc.)  and  the  cross  section  for  the 
reaction.  The  production  of  isomers  in  quantities  sufficient  for  precision  experiments  is 
also  an  important  goal. 

In  2001,  an  extensive  review  [5]  discussed  the  general  topic  with  a  focus  on 
triggering  initiated  by  photons  and  a  view  of  the  systematics  of  isomer  triggering  as 
deduced  from  the  closely-related  "activation"  of  isomers.  Just  one  isomer  exists  in  nature 
(180mTa)  and  its  triggered  energy  release  has  been  conclusively  demonstrated  (see  Refs. 
[6-8]  and  references  therein).  Up  to  now  the  main  method  of  predicting  possible  trigger 
energies  for  other  isomers  was  to  consider  their  relationship  to  the  systematics  of  isomer 
activation  for  neighboring  isotopes  and  to  trigger  levels  found  to  depopulate  180mTa.  This 
approach  was  most  notably  used  in  the  case  of  the  31 -year  isomer  of  178Hf.  It  was 


suggested  in  1995  that  on  this  basis  a  trigger  level  might  be  found  "near  2.8  MeV"  [9] 
from  the  "speculation  that  [trigger]  levels  are  prevalent  and  lie  between  2.5  -  2.8  M'eV" 
[10]-  First  trigger  experiments  were  attempted  in  1996  by  inelastic  scattering  of  alpha 
particles  at  Orsay,  with  a  repeat  in  1997,  but  as  yet  no  firm  results  are  known.  The  first 
photon  triggering  experiments  began  in  late  1998  and  the  positive  indications  reported 
therefrom  [11,  12]  began  the  present  intense,  and  controversial  [13],  period  of  research. 

The  field  of  study  of  triggered  gamma  emission  from  isomers  is  now  moving  into 
a  new  era,  defined  by  less  reliance  on  systematics  predictions  and  utilizing  the  greatly 
improved  spectroscopic  level  data  from  more  traditional  experiments.  With  the  ability  to 
identify  and  target  specific  potential  trigger  transitions,  one  can  anticipate  a  greatly 
increased  pace  of  research.  Within  this  context,  the  work  conducted  by  the  YSU  Isomer 
Physics  Project  under  AFOSR  support  has  provided  a  considerable  base  of  fundamental 
knowledge  and  has  significantly  advanced  the  field.  Such  basic  information  as  cross 
sections  for  different  reaction  mechanisms  is  central  to  any  evaluation  of  the  feasibility  of 
isomers  for  applications. 

A  total  of  twenty  manuscripts  have  been  published  during  the  period  of 
performance  of  this  grant  period.  One  manuscript  is  in  press  for  2006  while  two  others 
have  been  submitted  and  are  under  review.  Also,  twenty  invited  and  three  contributed 
presentations  by  the  PI  resulted  from  grant  sponsorship  and  six  contributed 
presentations/posters  were  made  by  undergraduate  students  supported  hereby.  In 
addition,  the  PI  served  as  Co-Program  Chairman  of  three  international  scientific 
conferences  in  this  field  and  as  Co-Chairman  of  a  session  on  these  topics  at  another 
meeting.  The  PI  served  as  well  as  a  reviewer  for  the  Science  and  Technology  Center  in 
Ukraine  during  2005. 

The  essential  technical  details  of  the  papers  may  be  found  in  Appendix  A  while 
Appendices  B  and  C  list  Invited  and  Contributed  Presentations,  respectively,  under  this 
grant  period.  A  few  highlights  are  listed  below  to  indicate  the  degree  to  which  the  YSU 
Isomer  Physics  Project  has  contributed  to  a  firm  foundation  for  possible  applications  of 
long-lived  isomers. 

HIGHLIGHTS  OF  PUBLISHED  RESULTS 

Experimental  tests  of  triggered  gamma  emission  occupy  a  rather  narrow  field 
within  nuclear  physics.  As  such,  this  work  is  somewhat  removed  from  the  mainstream  of 
nuclear  physics  and  has  suffered  from  a  perceived  lack  of  firm  founding  in  traditional, 
experimentally-verified  concepts  of  the  larger  field.  The  extremely  large  integral  cross 
sections  from  initial  reports  of  triggering  of  180mTa  perpetuated  this  perception  until  later 
work  showed  that  improved  measurements  were  indeed  in  agreement  with  established 
nuclear  systematics  [14].  Finally,  for  l80mXa  it  was  possible  to  make  first  identifications 
of  specific  nuclear  states  in  level  schemes  with  the  energies  that  provided  absorption  of 
incident  photons  to  cause  triggered  gamma  emission  [8].  Work  conducted  under  this 
grant  has  contributed  significantly  to  the  foundations  of  triggered  gamma  emission  and 
explored  several  new  concepts.  A  few  recent  highlights  will  be  given  to  indicate  the 
breadth  and  depth  of  these  efforts. 


“Design  and  characterization  of  a  compact  multi-detector  array  for  studies  of  induced 
gamma  emission:  Spontaneous  decay  of  I78m2Hf  as  a  test  case,”  P.  Ugorowski,  R. 
Propri,  S.  A.  Karamian,  D.  Gohlke,  J.  Lazich,  N.  Caldwell,  R.  S.  Chakrawarthy, 
M.  Helba,  H.  Roberts  and  J.  J.  Carroll,  Nuclear  Instruments  and  Methods  A 
(submitted  2006). 

Summary: 

Some  published  reports  (see  the  survey  in  Ref.  [13])  have  claimed  evidence  that 
triggered  gamma  emission  could  be  induced  from  I78m2Hf  using  incident  real  photons 
near  10  keV.  To  investigate  these  claims  with  improved  sensitivity,  a  final 
implementation  of  the  YSU  miniball  array  was  utilized  at  the  BL12B2  beamline  at 
SPring-8.  Results  obtained  during  irradiations  will  be  presented  in  a  later  manuscript,  but 
prior  to  that  a  fully-detailed  characterization  of  the  miniball  system  was  performed  using 
natural  decay  of  I78m2Hf.  This  provided  a  baseline  of  natural  events  from  which  to 
compare  measurements  that  could,  in  principle,  have  produced  induced  events. 

“K71  =  0+  2.29  s  isomer  in  neutron-rich  17i|Tm,”  R.  S.  Chakrawarthy,  P.  M.  Walker,  J.  J. 
Ressler,  E.  F.  Zganjar,  G.  C.  Ball,  M.  B.  Smith,  A.  N.  Andreyev,  S.  F. Ashley,  R. 
A.  E. Austin,  D.  Bandyopadhyay,  J.  A.  Becker,  J.  J.  Carroll,  D.  S.  Cross,  D. 
Gohlke,  J.  J.  Daoud,  P.  E.  Garrett,  G.  F.  Grinyer,  G.  Hackman,  G.  A.  Jones,  R. 
Kanungo,  W.  D.  Kulp,  Y.  Litvinov,  A.  C.  Morton,  W.  J.  Mills,  C.  J.  Pearson,  R. 
Propri,  C.  E.  Svensson,  R.  Wheeler  and  S.  J.  Williams,  Physical  Review  C 
(accepted  2006). 

Summary: 

This  paper  describes  the  characterization  of  a  newly-discovered  isomer  based  on 
measurements  performed  using  the  so-called  Bn  detector  array  and  spallation  ion  source 
(ISAC)  at  TRIUMF.  The  array  consists  of  twenty  Compton-suppressed  Ge  detectors  and 
was  coupled  with  a  new  internal  array  of  conversion-electron  detectors. 


“Production  of  long-lived  hafnium  isomers  in  reactor  irradiations,”  S.  A.  Karamian,  J.  J. 
Carroll,  J.  Adam,  E.  N.  Kulagin  and  E.  P.  Sabalin,  High  Energy  Density  Physics 
(submitted  2005);  “Production  of  the  l78m2nf  isomer  using  a  4.5-GeV  electron 
accelerator,”  S.  A.  Karamian,  J.  J.  Carroll,  J.  Adam  and  N.  A.  Demekhina, 
Nuclear  Instruments  and  Methods  A  530,  463  (2004). 

Summary: 

The  first  of  these  papers  describes  a  new,  more  accurate  measurement  of  the  cross 
section  for  production  of  this  long-lived  isomer  using  reactor  neutrons,  including  an 
improved  measurement  for  so-called  bumup,  or  depletion,  of  the  isomer  itself  in  that 
environment.  The  second  paper  describes  a  first  measurement  of  the  cross  section  for 
production  of  this  isomer  using  high-energy  bremsstrahlung. 


“Nuclear  excitation  and  de-excitation  in  resonant  electronic  transitions,”  M.  R.  Harston 
and  J.  J.  Carroll,  Laser  Phys.  14,  1452  (2004);  “Limits  on  nuclear  excitation  and 
deexcitation  of  178Hfm2  by  electron-nucleus  coupling,”  M.  R.  Harston  and  J.  J. 
Carroll,  Laser  Phys.  1 5,  487  (2005). 

Summary: 

The  first  paper  describes  the  general  calculation  of  probabilities  for  NEET 
(nuclear  excitation  by  electron  transitions)  which  occurs  as  a  result  of  coupling  between 
the  nucleus  and  atomic  transitions  under  certain  conditions.  The  second  paper  describes  a 
detailed  calculation  of  the  NEET  probabilities  for  the  178m2Hf  nucleus.  These 
probabilities  are  small  and  do  not  agree  with  the  suggestion  that  NEET  is  the  mechanism 
responsible  for  claims  of  low-energy  triggering. 

“Studies  of  high-K  isomers  at  TRIUMF-ISAC,”  M.  B.  Smith,  P.  M.  Walker,  R.  S. 
Chakrawarthy,  R.  A.  E.Austin,  G.  C.  Ball,  J.  J.  Carroll,  E.  Cunningham,  P.  Finlay, 
P.  E.  Garrett,  G.  F.  Grinyer,  G.  Hackman,  B.  Hyland,  K.  Koopmans,  W.  D.  Kulp, 
J.  R.  Leslie,  A.  A.  Phillips,  R.  Propri,  P.  H.  Regan,  F.  Sarazin,  M.  A.  Schumaker, 
H.  C.  Scraggs,  T.  Shizuma,  C.  E.  Svensson,  J.  von  Schwarzenberg,  J.  C. 
Waddington,  D.  Ward,  J.  L.  Wood,  B.  Washbrook  and  E.  F.  Zganjar,  Nucl.  Phys. 
A  746,  617  (2004). 

Summary: 

This  paper  describes  the  scope  of  and  some  results  from  the  program  of  studies  of 
high-K  isomers  conducted  at  TRIUMF  using  ISAC  and  the  87t  array.  The  class  of  high-K 
isomer  includes  178m2Hf  and  l80mTa,  for  example. 

“Gamma  rays  emitted  in  the  decay  of  31-year  178m2Hf,”  M.  B.  Smith,  P.  M.  Walker,  G.  C. 
Ball,  J.  J.  Carroll,  P.  E.  Garrett,  G.  Hackman,  R.  Propri,  F.  Sarazin  and  H.  C. 
Scraggs,  Phys.  Rev.  C  68,  031302(R)  (2003). 

Summary: 

1.  Some  reports  claiming  evidence  in  support  of  low-energy  triggering  of  l78m2Hf 
have  reported  the  appearance  of  “new”  gamma  lines  that  appear  only  during 
irradiation  of  an  isomeric  target.  The  term  “new”  indicates  that  the  gamma 
transitions  reported  do  not  appear  in  the  natural  decay  cascades  from  the  31 -year 
m2  isomer.  The  statistical  nature  of  the  reported  data  for  these  “new”  lines  is 
poor,  but  if  one  assumes  that  the  lines  do  appear,  then  it  is  important  to  insure  that 
they  are  now  weakly-populated  transitions  in  the  natural  decay,  hitherto 
unobserved.  This  paper  describes  the  detailed  measurement  of  the  natural  decay 
of  178m2Hf,  from  which  a  number  of  newly  observed  gamma  decays  from  the  31- 
year  isomer  and  between  the  two  8"  bands  were  detected.  Other  unplaced  “new” 
gamma  lines  were  discussed  which  may  have  influenced  claims  of  nearby  lines 
appearing  due  to  triggering. 


“’Forced-gamma  emission’  studies  involving  nuclear  isomers  using  fast  neutrons  and 
bremsstrahlung  x  rays,”  N.  A.  Guardala,  J.  L.  Price,  J.  H.  Barkyoumb,  R.  J. 
Abbundi,  G.  Merkel  and  J.  J.  Carroll,  in  Applications  of  Accelerators  in  Research 
and  Industry  (American  Institute  of  Physics,  Melville,  New  York,  2003). 

Summary: 

litis  paper  describes  and  proposes  a  series  of  experiments  to  study  fast-neutron- 
and  photon-induced  triggering  of  selected  nuclear  isomers.  These  isomers  have  halflives 
in  the  range  of  42.6  minutes  to  57.4  days.  Although  not  sufficiently  long-lived  to  provide 
reasonable  storage  for  applications,  they  may  be  suitable  for  experiments  with  equipment 
available  at  the  Naval  Surface  Warfare  Center,  Carderock  Division  (NSWCCD). 

“Possible  Ways  for  Triggering  the  l79m2Hf  isomer,”  S.  A.  Karamian,  J.  J.  Carroll,  L.  A. 
Rivlin,  A.  A.  Zademovsky  and  F  .J.  Agee,  Laser  Phys.  14,  1  (2004). 

Summary: 

The  25. 1 -day  isomer  of  179Hf  may  prove  useful  in  trigger  experiments  and  can  be 
produced,  in  principle,  in  sufficient  amounts  for  testing.  Modem  nuclear  level  data 
supports  the  identification  of  at  least  three  different  potential  trigger  methods  based  on 
specific  candidates  for  intermediate  states  as  discussed  in  this  paper. 

“An  Experimental  Perspective  On  Triggered  Gamma  Emission  From  Nuclear  Isomers,” 
J.  J.  Carroll,  Laser  Physics  Letters  (in  press  for  2004). 

Summary: 

This  paper  surveyed  the  status  of  the  field  of  study  into  induced  gamma  emission, 
and  in  particular  detailed  the  conflicting  results  into  low-energy  triggered  gamma 
emission  from  178m2Hf. 

“Ups  and  downs  of  nuclear  isomers,”  P.  J.  Walker  and  J.  J.  Carroll,  Physics  Today  June 
2005,  p.  39. 

Summary: 

This  paper  surveys  the  aspects  of  nuclear  isomers  that  allows  them  to  provide 
unique  tests  of  nuclear  structure  and  to  suggest  possible  applications. 

MANUSCRIPT  IN  PROGRESS 

Preparation  of  a  manuscript  describing  the  searches  for  “slow”  and  “prompt”  low- 
energy  triggered  gamma  emission  from  178m2Hf  has  begun  and  submission  to  Physical 
Review  C  is  anticipated  during  the  first  third  of  2006.  This  manuscript  will  therefore 
describe  work  performed  under  this  grant.  The  working  title  is  “Tests  of  low-energy 


triggered  gamma  emission  from  178m2Hf  using  monochromatic  synchrotron  radiation  at 
SPring-8.” 


Experiments  performed  during  the  grant  period  at  Germany’s  Gesellschaft  fur 
Schwerionenforschung  (Darmstadt)  and  the  University  of  Stuttgart  are  still  being 
analyzed  and  manuscript  may  be  expected  at  some  time  during  2006.  These  were  a 
search  for  new  long-lived  isomers  and  a  study  of  population  of  i76mLu  by  (y,  y’)  reactions 
(with  complimentary  nuclear  resonance  fluorescence  measurements),  respectively. 
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Abstract 

Reports  that  incident  photons  near  1 0  ke  V  can  induce  the  emission  of  gamma  rays 
with  concomitant  energy  release  from  the  31 -year  isomer  of  l78Hf  challenge  established 
models  of  nuclear  and  atomic  physics.  In  order  to  provide  a  direct  and  independent 
assessment  of  these  claims,  a  multi-detector  system  was  designed  as  a  specialized 
research  tool.  The  so-called  YSU  miniball  is  unique  in  its  combination  of  performance 
characteristics,  compact  size  and  portability,  enabling  it  to  be  easily  transported  to  and 
placed  within  the  confines  of  beamline  hutches  at  synchrotron  radiation  sources. 
Monochromatic  synchrotron  radiation  was  used  in  the  most  recent  studies  from  which 
evidence  of  prompt  triggering  was  claimed,  suggesting  similar  sites  for  independent  tests 
of  these  results.  The  miniball  array  consists  of  six  high-efficiency  BGO  scintillators 
coupled  with  a  single  65%  Ge  detector  and  provides  time-resolved  gamma-ray 
calorimetry  rather  than  purely  spectroscopic  data.  The  need  to  record  high  detected  folds 
from  the  array  (up  to  seven-fold  gamma  coincidences)  makes  this  system  different  in 
practice  from  standard  spectroscopic  arrays  for  which  data  is  typically  restricted  to  triples 
or  lower  folds.  Here  the  system  requirements  and  design  are  discussed,  as  well  as  its 
performance  as  characterized  using  the  well-known  natural  decay  cascades  of  178ffl2Hf. 
This  serves  as  the  foundation  for  subsequent  high-sensitivity  searches  for  low-energy 
triggering  of  gamma  emission  from  this  isomer. 


PACS:  23.20.Lv;  27.70.+q,  29.30.-h,  29.30.Kv 

Keywords:  Multi-detector  array,  gamma-ray  calorimetry,  induced  gamma  emission, 
isomer,  l78rn2jqf 


Corresponding  author:  jjcarroll@cc.ysuedu 
Tel:  330-941-3617  FAX:  330-941-3121 


1 


1.  Introduction 


The  possibility  that  nuclear  energy  could  be  released  in  a  relatively  clean  fashion 
from  long-lived  nuclear  isomers  has  been  under  consideration  for  decades  [1].  Such 
metastable  states  are  capable  of  storing  considerable  energy  for  rather  long  durations. 
The  archetype  is  l80mTa,  being  an  excited  state  with  a  halflife  greater  than  1015  years  and 
located  75  keV  above  the  unstable  ground  state  [2],  An  induced  depopulation  of  this 
isomer  due  to  irradiation  of  samples  with  real  photons  (bremsstrahlung)  was  first 
observed  in  1987  [3]  with  detailed  confirmation  and  characterization  of  the  process 
coming  later  (see  Ref.  [4]  and  references  therein).  The  induced  depopulation  was 
accompanied  by  a  release  of  the  stored  75  keV,  but  was  initiated  by  incident  photons  of  at 
least  1  MeV,  proving  to  be  a  sink  rather  than  a  source  of  energy.  Nevertheless,  the 
existence  of  transitions  connecting  the  isomer  to  levels  that  decay  to  the  ground  state 
provided  intriguing  insight  into  weak  components  in  the  wavefunctions  [5]. 

Other  isomers  have  been  suggested  as  being  potentially  of  greater  practical 
value  [1],  Principal  among  these  is  the  3 1 -year-lived  isomer  178m2Hf,  storing  2.446  MeV 
per  nucleus,  or  about  1.3  GigaJoules/gram  at  natural  density.  Studies  which  attempted  to 
replicate  the  induced  depopulation  of  Ta  for  Hf  have  concentrated  so  far  on 
rather  low  energies,  using  real  photons  below  100  keV  from  bremsstrahlung  and 
synchrotrons.  Experiments  using  virtual  photons  via  Coulomb  excitation  have  been 
conducted  on  ground-state  178Hf  targets,  providing  results  that  support  the  possibility  of 
induced  depopulation  of  I78m2Hf  by  transitions  with  energies  greater  than  300  keV  [6,  7], 
Reference  [8]  surveys  the  experimental  landscape  as  of  early  2004,  and  later  results  or 
additional  details  of  previous  results  are  described  in  Refs.  [9-11].  The  controversial 
nature  of  the  positive  results,  in  light  of  several  carefully-conducted  null  measurements, 
perhaps  reached  its  zenith  with  the  recent  report  [9]  that  induced  depopulation  of  the 
,78m2Hf  isomer,  with  Jn  -  Kn  =  16+,  proceeded  through  an  intermediate,  higher-lying  state 
that  subsequently  decayed  to  the  ground  state  in  a  single  transition.  Since  only  a  modest- 
multipolarity  transition  from  isomer  to  intermediate  state  could  be  expected,  this  would 
seem  to  require  a  AJ>  10  transition  for  the  purported  decay  transition. 

While  the  latter  claim  of  induced  depopulation  of  l78m2Hf  would  appear  to  require 
little  further  consideration,  other  previous  claims  are  not  unphysical  a  priori,  although 
theoretical  analyses  have  cast  doubt  on  the  purported  mechanism  [12,  13].  As  in  the  case 
of  Ta  and  other  nuclei  (see,  for  example,  Ref.  [14]),  the  presence  of  AT-forbidden 
transitions  in  I78Hf,  likely  required  for  an  induced  depopulation,  would  provide  important 
nuclear  structure  information.  Depletion  caused  by  incident  photons  of  low  energies, 
reported  to  be  near  10  keV,  would  also  have  important  implications  to  the  understanding 
of  nuclear-electron  couplings  and  potential  applications.  Also,  despite  continued  positive 
claims  the  magnitude  of  the  effect  remains  rather  small.  Thus,  improved  experimental 
methods  by  which  to  better  examine  these  claims  will  be  valuable. 

All  of  the  most  recent  positive  results  (see  the  survey  of  Ref.  [8]  and  Refs.  [9,  1 1]) 
were  obtained  using  monochromatic  synchrotron  radiation  (either  from  bending  magnets 
or  undulators)  as  the  source  of  incident  photons.  Most  null  experiments  were,  in  contrast, 
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obtained  using  continuum  radiation  sources,  including  bremsstrahlung  [15]  or  “white” 
synchrotron  radiation  [10,  16,  17]  and  thus  presented  unique  experimental  challenges  that 
differed  from  the  positive  measurements.  Also,  in  the  null  results  of  Refs.  [9,  11]  no 
special  timing  instruments  were  used  by  which  any  relationship  between  pulses  of 
synchrotron  radiation  and  gamma  rays  emitted  from  the  178m2Hf  sample  could  have  been 
recorded.  It  has  been  claimed  that  excess  gamma-ray  emission  triggered  by  incident 
photons  near  10  keV  was  prompt,  coming  within  a  few  nanoseconds  of  the  pulses  of 
synchrotron  radiation  [1 1,  18],  and  thus  that  the  duty  cycle  of  the  synchrotron  would  lead 
to  a  washing  out  of  the  signal  without  timing  information.  Reference  [18]  suggests  (see 
page  1 64)  that  this  explains  the  null  measurements.  An  independent  examination  of  the 
positive  reports  of  prompt  triggered  gamma  emission,  induced  by  monochromatic 
synchrotron  radiation  near  10  keV,  requires  a  different  approach  than  was  taken  in  the 
works  of  Refs.  [10,  16,  17].  For  this  purpose,  a  multi-detector  gamma  spectroscopic 
system  was  developed  in  a  compact  configuration  that  permitted  its  emplacement  within 
the  confines  of  the  radiation  hutch  at  the  BL12B2  beamline  of  the  SPring-8  synchrotron. 
This  beamline  was  chosen  as  providing  similar  radiation  characteristics  to  those  utilized 
to  obtain  some  positive  results  at  SPring-8.  These  independent  tests  will  be  described  in 
a  future  work  [19], 

This  paper  will  first  discuss  the  design  requirements  and  implementation  for  the 
miniball  system  (Section  2)  as  needed  to  search  for  prompt  triggered  gamma  emission 
from  178m2Hf.  Then  the  sensitivity  of  the  array  for  detection  of  gamma-ray  cascades  will 
be  covered,  as  measured  from  the  well-known  natural  decay  of  this  isomer.  This  will 
include  determination  of  the  system  efficiency  and  detection  limits  for  gamma-ray 
calorimetry  (Section  3). 

2.  Detection  system 

2. 1  Design  requirements  and  configuration 

Many  multi-detector  arrays  have  been  constructed  for  high-resolution  gamma-ray 
spectroscopy  [20],  such  as  the  well-known  Gammasphere  system.  The  large  value  and 
physical  size  of  these  systems  and  their  associated  instrumentation  make  it  infeasible  to 
consider  transporting  them  to  sites  such  as  SPring-8  and  emplacing  them  within  the 
confines  of  beamline  hutches  for  experiments  of  short  duration.  Thus,  it  was  necessary  to 
develop  a  unique  system  of  modest  size  that  combined  some  spectroscopic  capabilities 
with  the  essential  ability  to  perform  gamma-ray  calorimetry.  The  present  system  was 
designated  as  the  YSU  miniball,  stressing  its  similarities  with  much  larger  arrays, 
although  its  design  is  predicated  on  a  very  specific  type  of  experiment.  Initial  design  of 
the  system  occurred  in  2001  [21]  and  an  implementation  was  used  in  works  described  in 
Refs.  [8,  15]. 

Figure  1  is  a  schematic  energy-level  diagram  of  the  Hf  nucleus,  which 
possesses  several  isomers.  The  long-lived  (metastable)  levels  are  those  at  1,147.4  keV, 
with  a  halflife  of  4  s  (ml),  and  at  2,446.1  keV,  with  a  halflife  of  31  years  (m2).  Tire 
figure  shows  the  main  transitions  resulting  from  the  natural  decay  of  the  31 -year 
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isomer  [22],  Also  depicted  is  a  sketch  of  a  general  process  of  induced  energy  release  that 
begins  with  excitation  of  a  nucleus  initially  in  the  m2  state  to  a  higher-lying  intermediate 
state.  Back-decay  (E)  of  the  intermediate  state  to  the  isomer  provides  only  elastic 
scattering  of  the  incident  entity,  assumed  to  be  real  photons.  Other  decay  branches  of  the 
intermediate  state  may  bypass  the  m2  level  and  initiate  cascades  that  eventually  reach  the 
stable  ground  state.  These  branches  would  provide  a  means  by  which  the  2,446.1  keV 
stored  by  the  31 -year  isomer  could  be  released  via  gamma  rays  and  conversion  electrons. 
These  branches  may  be  generally  characterized  as  prompt  (P),  in  which  the  cascade  from 
the  intermediate  state  reaches  the  ground-state  band  immediately,  slow  (S),  in  which  the 
cascade  reaches  the  ml  band,  and  other  (O).  The  latter  type  of  cascade  bypasses  the  4-s 
isomer,  but  may  pass  through  some  states  that  have  significant  halflives  on  the  time  scale 
of  a  detection  system.  Reports  of  induced  energy  release,  so-called  triggered  gamma 
emission,  have  so  far  been  restricted  to  incident  photons  energies  near  10  keV.  Below  an 
energy  of  (2,446.1  +  10)  keV,  known  levels  have  halflives  less  than  1.5  ns  with  the 
exception  of  the  ml  metastable  state  and  a  shorter-lived  isomer  at  1,554.0  keV 
(T„2  =  77.5  ns)  [2]. 

Figure  1  placement 

As  mentioned  above,  recent  reports  of  positive  evidence  of  triggering  indicated 
that  the  gamma  emission  was  prompt,  coming  within  1  ns  of  the  pulse  of  incident 
synchrotron  radiation  [11].  In  that  work,  a  small-volume  Ge  detector  was  used  to 
measure  gamma  rays  emitted  from  a  sample  containing  l78rn2Hf  as  it  was  being  irradiated 
with  monochromatic  synchrotron  radiation  near  10  keV.  Spectroscopic  information  was 
recorded  as  well  as  the  time  between  gamma  detection  and  individual  pulses  of  incident 
radiation.  Those  pulses  were  of  20  -  50  ps  duration  and  were  separated  by  several 
nanoseconds  -  the  time  of  the  pulses  was  determined  by  placing  an  avalanche  photodiode 
in  the  beam  (behind  the  sample)  [1 1].  Although  “1  GHz  electronics”  were  employed  for 
the  photodiode  [II],  the  true  time  resolution  between  pulses  and  gamma-ray  detection 
was  no  doubt  more  on  the  order  of  10  ns  as  is  typical  for  Ge  detectors.  In  any  event,  that 
report  precludes  cascades  that  are  delayed  by  passage  through  the  77.5-ns  isomer. 

The  178Hf  nucleus  provides  a  natural  way  of  testing  this  claim  of  prompt  gamma 
emission  without  the  need  to  record  the  times  for  pulses  of  incident  synchrotron  radiation. 
As  discussed  in  Refs.  [15,  21]  and  seen  in  Fig.  1,  spontaneous  decay  of  the  m2  isomer 
occurs  via  two  bursts  of  gamma  rays,  each  of  which  consists  of  a  cascade  with  inter¬ 
transition  delays  less  than  1.5  ns.  The  first  burst  occurs  from  transitions  within  the  ml 
band,  after  decay  of  the  m2  state,  and  is  stopped  briefly  by  the  4-s  isomer.  The  total 
energy  released  in  the  first  cascade  from  the  16+  m2  isomer  to  the  8'  ml  isomer  is 
1,298.7  keV,  while  the  energy  released  in  the  second  cascade  from  the  ml  isomer  to  the 
ground  state  is  1,147.4  keV.  Within  each  cascade  the  gamma  rays  are  simultaneous  on 
the  scale  of  the  resolving  time  of  Ge  spectrometers.  If  the  gamma  rays  were  detected 
with  sufficiently  high  efficiency  by  a  large-solid  angle  array,  a  summation  of  their 
energies  would  coincide  with  the  total  energies  of  the  bursts,  minus  any  energy  lost  into 
conversion  electrons  and  therefore  invisible  to  the  Ge  detectors.  Conversely,  prompt 
gamma  emission  due  to  the  claimed  induced  energy  release  would  produce  a  single  burst 
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of  gamma  rays  with  total  energy  of  (2,446.1  +  10)  keV.  Gamma-ray  calorimetry  would 
therefore  distinguish  clearly  between  prompt  triggered  events  and  those  from  natural 
decay,  Such  high-summed-energy  cascades  could  only  be  due  to  triggering  so  they 
would  be  of  necessity  correlated  with  incident  pulses  of  synchrotron  radiation  without 
any  need  to  explicitly  record  the  time  of  those  pulses. 

The  YSU  miniball  is  designed  to  perform  this  function  of  time-resolved  gamma- 
ray  calorimetry  using  a  compact  array.  A  photograph  of  the  miniball  located  with  the 
BL12B2  hutch  at  SPring-8  is  shown  in  Fig.  2.  A  balance  between  performance  and 
portability  was  achieved  by  using  six  3. O’5  diameter  x  2.5”  long  BGO  crystals  to  provide 
high  solid  angle  (about  83%  of  4 tc)  and  high  intrinsic  efficiency.  Nal(Tl)  crystals  were 
employed  in  previous  implementations  [15,  21],  but  the  lower  peak-to-Compton  ratio  of 
that  scintillator  material  compared  with  BGO  made  interpretation  of  spectra  more 
difficult,  thus  the  change  to  BGO.  Many  reports  of  induced  energy  release  indicated 
evidence  of  the  emission  of  gamma  rays  at  energies  not  part  of  the  natural  decay  cascades 
(see  the  survey  of  Ref.  [8]).  High-resolution  spectroscopy  would  be  advantageous  in 
identifying  any  such  unusual  gamma  rays,  but  this  would  be  precluded  by  the  use  of  BGO 
scintillators.  In  order  to  insure  that  every  gamma-emission  event  observed  by  the  array 
contained  one  gamma  ray  having  a  precisely  determined  energy,  a  65%  relative 
efficiency  p-type  Ge  detector  was  coupled  instrumentally  to  the  BGO  crystals.  The  large- 
volume  Ge  detector  observed  the  sample  through  a  gap  between  BGO  detectors  along 
one  of  the  diagonals  of  a  cubic  support  structure. 

Figure  2  placement 

Use  of  a  p-type  crystal,  with  its  associated  thin  Al-end  window,  was  beneficial  for 
spectra  taken  under  irradiation  in  that  the  window  would  provide  filtering  of  any  incident 
radiation  near  10  keV  that  was  scattered  toward  the  detector.  Aluminum  windows  on  the 
BGO  crystal  housings  provided  similar  shielding,  minimizing  the  chance  of  pile  up 
between  scattered  synchrotron  radiation  and  gamma  rays. 

Figure  2  also  shows  the  placement  of  a  second  Ge  detector  (10%  efficiency  n- 
type)  and  an  x-ray  detector,  both  of  which  observed  the  sample  through  other  diagonals 
of  the  cube.  These  were  used  as  parts  of  independent  systems  to  obtain  a  separate  singles 
spectrum  (no  coincidence)  and  a  calibration  of  the  scattered  synchrotron  radiation  during 
exposures.  They  have  no  impact  on  the  characterization  of  the  miniball  system  and  are 
not  discussed  further. 

2.2  Instrumentation 

A  schematic  of  the  pulse-processing  instrumentation  for  the  miniball  is  given  in 
Fig.  3.  Once  data  acquisition  was  enabled,  recording  of  a  gamma-emission  event  was 
initiated  only  when  the  Ge  detector  observed  a  gamma  ray.  One  preamplifier  output  from 
the  Ge  detector  was  sent  to  an  Ortec  579  Fast  Filter  Amplifier  and  then  to  an  Ortec  583 
constant- fraction  (CF)  discriminator  to  provide  a  master  gate  channel.  The  ARC  method 
[23]  was  employed  with  this  discriminator  and  its  threshold  set  a  minimum  energy  for 
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recorded  gamma  rays  into  the  Ge  detector.  The  discriminator’s  NIM  output  was 
stretched  and  converted  to  TTL  by  a  Stanford  DG535  pulse  generator.  The  output  from 
the  pulse  generator  served  as  the  system  gate  and  its  width  and  delay  could  be  adjusted 
over  a  wide  range. 

Figure  3  placement 

High  voltage  to  the  Ge  detector  was  provided  using  a  standard  Ortec  module  that 
utilized  manual  front-panel  controls.  High  voltage  to  each  BGO’s  PMT  was  provided  by 
a  single  octal  MM  module  from  Radiation  Technologies,  Inc.  that  was  computer 
controlled  and  allowed  remote  changes  on  the  order  of  a  few  volts. 

A  FERA/CAMAC  system  was  employed  to  record  spectroscopic  and  time 
information  from  the  detectors,  chosen  for  its  flexible  programmability  using  Sparrow’s 
KMaxNT  software  and  for  buffering  and  fast  transfer  of  data.  A  customized  toolsheet 
was  built  in  this  platform  to  control  data  acquisition,  including  operating  parameters  like 
ADC  thresholds,  data  word  sizes,  use  of  zero-suppression,  buffer  size,  etc.,  and  to 
monitor  individual  detector  energy  and  time  spectra  in  real-time.  Tire  FERA  hardware 
was  managed  by  a  CMC  203  driver  that  received  the  system  gate  and  distributed  it  to  two 
Ortec  AD413A  quad  8k  peak-sensing  ADC’s  and  a  Silena  441 8/T  octal  TDC. 
Spectroscopic  pulses  from  the  Ge  detector  were  input  to  an  Ortec  672  linear  amplifier 
with  a  shaping  time  of  2  (is  and  its  unipolar  output  was  digitized  with  one  channel  of  an 
AD413A.  Output  from  the  BGO  PMT’s  was  routed  first  to  an  Ortec  CF8000  octal  CF 
discriminator.  A  buffered  spectroscopic  signal  was  available  from  each  CF8000  channel 
whereby  spectroscopic  signals  from  the  BGO  detectors  were  fed  to  separate  Ortec  672 
amplifiers  with  shaping  times  of  2  p.s.  The  bipolar  signals  from  these  amplifiers  were 
digitized  by  other  channels  of  the  AD413A’s  after  inversion,  which  provided  the  best 
linearity  and  resolution. 

Negative  MM  signals  were  output  by  each  channel  of  the  CF8000  as  timing 
signals  when  the  incoming  PMT  pulses  exceeded  adjustable  thresholds.  These  timing 
signals  were  stretched  by  separate  channels  of  an  Ortec  GG8010  and  then  converted  to 
ECL  standard  signals  by  separate  channels  of  a  Phillips  7126  level  translator  prior  to 
being  input  to  the  TDC.  The  leading  edge  of  the  gate  distributed  by  the  driver  via  the 
FERA  bus  served  as  a  START  pulse  to  the  TDC  and  the  pulses  originating  from  BGO 
PMT’s  served  as  STOP  markers.  This  allowed  recording  of  the  relative  time  interval 
between  a  master  Ge  signal  and  those  from  each  individual  BGO  detector.  The  TDC 
provided  an  active  time  window  of  2.8-(xs  duration,  during  which  START-STOP  times 
were  logged  as  distributed  over  3840  channels  -  the  module  used  an  additional  256 
channels  for  sliding-scale  non-linearity  compensation.  The  resolution  of  the  TDC  was 
0.73  ns/channel,  considerably  shorter  than  the  inherent  time  resolution  obtainable  from 
the  Ge  and  BGO  detectors  after  pulse  processing,  being  both  on  the  order  of  tens  of  ns. 
The  temporal  relationships  between  the  gate,  spectroscopic  and  timing  pu  lses  are  shown 
in  Figs.  4  and  5. 


Figure  4  placement 
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Figure  5  placement 

Although  not  suitable  for  extended  discussion  herein,  it  is  worth  noting  that  while 
CAMAC  is  an  international  standard  this  is  not  the  case  for  the  FERA  system.  The  Fast 
Encoding  and  Readout  ADC  approach  was  developed  by  Lecroy  to  provide  data  transfers 
between  CAMAC  modules  at  rates  in  excess  of  that  supported  by  the  CAMAC 
backplane.  FERA  utilizes  ECL  signals  on  a  front-panel  bus  distributed  and  managed  by 
the  driver  module.  Via  handshakes  the  driver  receives  data  from  ADC’s  and  TDC’s  and 
assembles  these  separate  parameters  (data  pieces)  into  an  event,  then  buffers  many  events 
either  internally  or  in  a  separate  memory  module.  In  this  system,  when  the  internal  buffer 
was  3/i  full,  a  Look  At  Me  (LAM)  was  sent  to  the  controlling  computer  to  cause  an  upload 
of  data.  FERA  handshake  protocols  are  not  fully  standardized,  therefore  the  amount  of 
effort  required  to  regularize  communications  between  the  driver  and  the  Ortec  and  Silena 
modules  should  not  go  unrecognized.  It  is  also  worth  noting  that  direct  observation  of 
signals  on  the  FERA  bus  destabilized  the  communications  between  driver  and  other 
modules,  an  impediment  to  this  regularization. 

An  absolute  time  for  each  event  was  assigned  with  20-ns  resolution  by  the 
CMC  203  CAMAC  driver  based  on  when  it  received  a  gate  relative  to  the  start  of 
acquisition.  Each  parameter  was  a  32-bit  word,  two  of  which  were  used  to  record  the 
absolute  event  time.  This  instrumental  resolution  was  far  better  than  that  supported  by 
the  detectors  themselves.  A  one-parameter  header  of  constant  digital  value  was  inserted 
at  the  beginning  of  each  event,  so  that  events  in  which  incomplete  handshakes  caused 
some  parameters  to  be  lost  by  the  driver  could  be  excluded  as  having  too  few  parameters. 
A  tota  of  nineteen  32-bit  parameters  was  recorded  in  each  good  event  -  off-line  sorting 
of  the  data  sets  indicated  that  only  1  out  of  every  300  events  was  incomplete  and  such 
bad  events  were  discarded  off-line  prior  to  data  analysis. 

Zero-suppression  mode  was  not  employed  in  the  ADC’s  so  as  to  avoid  having 
events  of  varying  lengths.  Each  ADC  module  possessed  four  inputs  with  a  processing 
time  of  6  ps  per  active  input  and  1.8  ps  per  inactive  input.  Readout  of  the  ADC’s  to  the 
driver  was  found  experimentally  to  require  7.4  ps  following  the  end  of  digitization.  The 
total  processing  time  for  the  ADC’s  could,  therefore,  vary  in  duration,  but  the  TDC 
introduced  a  fixed  deadtime  of  33  ps  that  included  digitization  of  the  START-STOP 
delay  and  readout  of  the  module.  Output  of  additional  gates  from  the  DG535  was 
inhibited  for  a  period  chosen  at  50  ps  to  avoid  the  possibility  of  interference  with 
processing  of  the  current  event. 

Proper  digitization  of  spectroscopic  and  TDC  STOP  signals  required  use  of  the 
GG8010  and  DG535  units  to  introduce  appropriate  delays  at  various  points  in  the 
different  channels.  These  modules  also  allowed  matching  of  pulse  widths  to  the  demands 
of  subsequent  units  in  the  data  streams.  For  example,  the  Ge  spectroscopic  pulse  was 
input  into  a  linear  amplifier  set  for  triangular  shaping  with  a  2-ps  time  constant.  This 
shaping  time  had  the  added  effect  of  introducing  a  delay  of  5  ps  between  the  peak  of  the 
initial  pulse  from  the  Ge  preamplifier  and  the  amplified  pulse.  The  output  of  the  DG535, 
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serving  as  the  system  gate,  was  delayed  and  its  width  set  to  insure  full  digitization  of  the 
spectroscopic  pulse  by  the  ADC. 

The  use  of  preamplifiers  for  the  BGO  signals  was  considered,  but  rejected  due  to 
the  inability  to  maintain  a  sufficiently  fast  risetime  with  available  units.  The  PMT 
outputs  were  input  directly  into  the  CF8000,  which  produced  both  time  marks  and 
buffered  spectroscopic  signals.  Tests  showed  that  the  best  resolution  for  a  BGO  crystal 
was  obtained  by  using  the  bipolar  amplifier  outputs  and  triangular  shaping.  The  resulting 
resolution  was  found  to  be  8%  for  the  60Co  1332  keV  peak,  as  shown  in  Fig.  6.  Proper 
digitization  of  peak  heights  by  the  ADC’s  required  those  peaks  to  not  occur  within  1  (is 
of  the  start  or  end  of  the  gate.  A  gate  duration  of  5  us  was  utilized  to  meet  this  condition 
based  on  the  delays  and  widths  of  the  spectroscopic  pulses  for  the  Ge  and  BGO  channels. 

Figure  6  placement 

As  mentioned  previously,  timing  pulses  from  the  CF8000  were  stretched,  delayed 
and  converted  to  ECL  as  needed  for  proper  digitization  by  the  TDC.  Valid  STOP  signals 
had  to  reach  the  TDC  during  its  2.8-p.s  active  period  that  began  with  the  leading  edge  of 
the  gate.  Lack  of  a  valid  STOP  pulse  to  the  TDC  during  the  active  period  was  recorded 
as  an  increment  of  one  count  within  the  sliding-scale  region.  Invalid  STOPs  occurred  for 
several  reasons,  as  discussed  later.  The  delays  were  selected  so  that  true  coincidence 
STOPS  appeared  at  roughly  channel  1500  for  each  TDC  input  by  obtaining  coincidence 
curves  using  the  histogramming  feature  of  the  Tektronix  TDS-5104  1-GHz  digital 
oscilloscope.  Figure  5  shows  a  scope  trace  displaying  the  gate  and  STOP  pulses  from  a 
single  BGO,  generated  with  a  60Co  source.  Also  shown  in  the  figure  is  a  histogram  of  the 
numbers  of  STOP  pulses  occurring  as  a  function  of  time.  The  delay  for  this  STOP  stream 
was  set  so  that  coincidence  between  gamma  rays  entering  the  Ge  (START)  and  this  BGO 
produced  a  time  marker  within  the  gate. 

Off-line  sorting  of  data  sets  to  extract  singles  or  higher-fold  spectra  for  any 
detector  or  combination  of  detectors  was  accomplished  using  an  in-house  software  suite 
that  was  custom  designed  [24]  for  the  miniball  system.  The  software  allowed  sorting 
based  on  energy  and  timing  parameters  for  each  detector  and  determination  of  summed 
energy  and  detected  fold  from  the  BGO  crystals. 

Standard  calibration  sources  were  used  to  assess  the  basic  performance  of  the 
miniball  system  as  was  done  in  earlier  stages  of  its  development  [15].  Because  the 
spontaneous  decay  of  :8T2IIf  has  been  extensively  characterized  [22]  and  because  the 
eventual  aim  was  to  perform  trigger  studies  in  subsequent  experiments  [19],  it  was 
decided  to  perform  efficiency  calibrations  using  a  mixed  178m2Hf/172FIf  sample.  This 
approach  benefited  from  the  number  and  distribution  of  gamma  lines,  and  the  available 
coincidence. 

One  particular  test  with  a  standard  calibration  source  was  particularly  valuable.  A 

1  17 

Cs  source  was  employed  to  investigate  the  possibility  of  Compton  scattering  in  one 
detector  causing  coincident  events  in  other  detectors.  Discriminator  thresholds  in  the 
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miniba.ll  instrumentation  eliminated  x  rays  from  recorded  events,  so  that  only  random 
coincidences  should  have  been  in  evidence  from  this  single-line  source.  Figure  7a  shows 
a  time  spectrum  obtained  for  one  BGO  crystal.  A  small  coincidence  peak  was  seen  and 
interpreted  as  being  due  to  Compton  cross-talk  between  the  Ge  and  that  BGO.  Such 
cross-talk  could  occur  between  any  detectors.  A  1-mm  Pb  wrap  was  applied  around  the 
BGO  crystals  as  they  extended  within  the  cubic  support  structure,  resulting  in  the  time 
spectrum  shown  in  Fig.  7b  in  which  this  cross-talk  was  eliminated.  It  should  be  noted 
that  no  filters  were  applied  to  the  faces  of  any  of  the  detectors,  other  than  the  thin  A1 
detector  housings. 


Figure  7  placement 

3.  Characterization  using  l78m2Hf  decay 

3. 1  Sample  composition  and  configuration 

The  miniball  performance  was  principally  characterized  by  gamma  rays  emitted 
in  spontaneous  decays  within  a  mixed  l78m2Hf/l72Hf  source.  This  characterization  was 
chosen,  as  mentioned  above,  to  serve  as  the  foundation  for  experiments  conducted 
specifically  to  search  for  evidence  of  prompt  induced  energy  release  during  subsequent 
irradiations  with  synchrotron  radiation. 

Figure  8  shows  a  photograph  of  the  sample  employed  in  this  work,  attached  to  a 
positioning  arm.  The  mechanical  construction  of  the  sample  consisted  of  an  A1  frame 
that  held  together  two  1-mm  thick  Be  disks.  The  hafnium  material  was  deposited  by 
evaporation  on  one  Be  disk  and  occupied  a  roughly  circular  spot  near  the  center  of  that 
disk. ^  The  details  of  the  distribution  are  not  important  for  the  present  discussion,  other 
than  the  fact  that  the  radioactive  Hf  did  not  constitute  a  point  source.  The  active  content 
included  0.37  jaCi  of  178m2Hf  (2.0  x  1013  nuclei  or  5.79  ng)  and  0.29  |aCi  of  172Hf 
(9.3  x  1011  nuclei  or  0.26  ng)  at  the  time  of  the  tests  in  June  2004.  It  has  been  estimated 
[25]  that  the  total  hafnium  content  was  approximately  2,500x  that  of  the  active  |78m2Hf 
material,  which  was  produced  by  proton  spallation  [26].  The  isomer-to-ground-state  ratio 
for  178Hf  in  the  sample  was  also  estimated  [25]  to  be  about  1 :500.  The  sample  was  held 
within  the  miniball  in  the  central  cavity  formed  by  the  faces  of  the  BGO  crystals  using 
the  aluminum  positioning  arm  that  extended  through  one  of  the  half  diagonals  of  the 
cubic  support  structure.  One  full  diagonal  of  the  cube  was  reserved  as  the  entrance  and 
exit  channels  for  synchrotron  radiation.  The  large  Ge  detector  coupled  to  the  BGOs,  an 
independent  small  Ge  and  an  x-ray  detector  utilized  separate  half  diagonals  as  viewing 
ports.  The  positioning  arm  was  affixed  outside  the  miniball  structure  to  a  translation 
table  so  that  the  sample  could  be  moved  remotely  in  a  vertical  plane.  The  orientation  of 


*  The  distribution  of  hafnium  material  within  the  deposit  was  determined  by  passing  a  narrow 
(0.5  mm  x  0.5  mm)  beam  of  monochromatized  synchrotron  radiation  set  to  the  G  edge  of  Hf  through  the 
opening  in  the  A1  sample  frame.  Transmission  of  the  radiation  was  recorded  by  pre-  and  post-s ample 
ionization  chambers  as  a  function  of  sample  position  as  it  was  raster- scanned  across  the  fixed  beam  axis. 
(This  procedure  is  discussed  in  detail  in  a  forthcoming  manuscript  on  searches  for  prompt  triggered  gamma 
emission.) 
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the  sample  was  determined  by  the  eventual  need  to  irradiate  the  largest  possible  area  of 
the  hafnium  deposit  with  a  beam  spot  of  smaller  dimensions. 

Figure  8  placement 

3.2  Singles  spectra,  timing  and  detector  efficiencies 

Gamma  radiation  emitted  due  to  natural  decay  of  l78rraHf  and  l72Hf  within  the 
mixed  sample  was  recorded  by  the  miniball  system  for  a  period  of  about  74  hours.  At 
regular  intervals  of  about  12  hours,  the  small  dewar  on  the  Ge  detector  was  filled  and 
data  acquisition  was  halted  for  this  period.  The  BGO  PMT’s  were  gain  matched  after 
each  fill  by  minor  adjustments  to  their  operating  voltages  via  software  control.  The  Ge 
detector  evidenced  no  gain  drift  and  its  voltage  was  maintained  throughout  the 
measurement.  The  data  set  consisted  of  6,831  3.5-MB  files,  each  containing  about 
48,000  recorded  events,  from  which  a  singles  Ge  spectrum  was  extracted  as  shown  in 
Fig.  9.  This  was  accomplished  by  first  removing  events  of  incorrect  length,  i.e.  wrong 
number  of  parameters,  which  comprised  about  0.3%  of  the  data.  Then  the  data  was 
sorted  without  imposition  of  any  conditions  on  coincidence  between  the  Ge  and  BGO 
detectors  or  on  detector  pulse  heights.  The  inset  in  the  figure  shows  an  expanded  section 
of  the  spectrum  that  contains  the  doublet  of  lines  at  213  keV  and  217  keV  that  occur  in 
the  spontaneous  decay  of  l7Xm2Hf  The  latter  of  these  lines  comes  from  the  9'  ->  8‘ 
transition  just  above  the  ml  isomer  while  the  former  originates  with  the  4'  ->  T 
transition  in  the  ground-state  band  (see  Fig.  1).  The  doublet  is  well-separated,  indicating 
excellent  performance  for  spectroscopy  with  this  detector  and  confirming  no  measurable 
gain  shift.  All  peaks  in  the  spectrum  were  positively  identified  as  corresponding  to 
gamma  rays  from  spontaneous  decay  of  l7,'"'2Hf,  l72Hf  and  its  daughters,  and  natural 
background.  The  total  event  rate  in  the  Ge  was  1.2  kHz  and  deadtime  resulting  from  this 
rate  was  on  the  order  of  6%. 

Figure  9  placement 

An  initial  question  was  the  degree  to  which  the  efficiency  of  the  large-volume  Ge 
detector  was  influenced  by  the  small  gap  through  which  it  viewed  the  central  cavity  of 
the  miniball.  The  restricted  view  was  due  to  the  BGO  crystals  and  their  Pb  wraps  and 
would  partially  shield  the  sample  from  view  by  the  Ge  detector.  It  was  not  possible  to 
test  this  in  the  beamline  hutch,  so  data  were  taken  at  Youngstown  State  University.  Ge 
singles  spectra  were  extracted  from  miniball  data  obtained  using  the  hafnium  source  in 
two  different  geometric  configurations:  first,  with  the  BGOs  and  Pb  wraps  in  place  and, 
second,  with  those  BGOs  and  wraps  removed  which  would  otherwise  have  restricted  the 
view  of  the  Ge  detector.  Figure  10a  shows  the  “direct”  efficiencies  obtained  from  these 
measurements  using  the  standard  form 

Nj=  A  Tftei  ,  (1) 

where  /V,  is  the  number  of  counts  contained  within  a  given  full-energy  Ge  peak,  A  is  the 
sample  activity,  T  is  the  acquisition  live  time,/  is  the  fraction  of  decay  events  that  emit  y, 
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and  £j  is  the  full-energy  peak  efficiency  for  detection  of  the  specific  gamma  ray.  The  f 
values  used  in  Eq.  (1)  were  obtained  from  the  ENSDF  [2]  as  listed  in  Appendix  A  and 
peak  fits  were  obtained  using  the  commercial  FitzPeaks  program  [27].  The  effect  of  the 
gap  between  BGO  crystals  was  to  suppress  the  overall  efficiency,  but  less  so  at  higher 
gamma-ray  energies  where  the  cross  section  for  photoelectric  interactions  decreases. 
Gamma  rays  entered  only  the  central  section  of  the  Ge  crystal  and  Compton-scattered 
photons  therefrom  had  other  opportunities  to  interact  in  the  outer  part  of  the  detector. 
This  produced  the  flattened  efficiency  curve  shown  in  Fig.  10a  when  all  BGO  and  wraps 
were  in-place.  Figure  10b  shows  the  actual  Ge  efficiency  curve  from  data  obtained  at 
SPring-8,  being  about  0.35%  near  1  MeV. 

Figure  10  placement 

It  was  possible  to  provide  an  additional  verification  of  the  magnitude  of  the  direct 
efficiency  values.  The  method  described  in  Appendix  B  was  employed  to  obtain 
efficiencies  based  on  the  relationship  between  the  number  of  counts  in  individual  full- 
energy  peaks  and  corresponding  sum  peaks  appearing  in  the  singles  spectrum. 
Efficiencies  determined  in  this  way  for  specific  pairs  of  gamma-ray  energies  are  also 
plotted  in  Fig.  10b.  It  was  not  necessary  for  full-energy  peaks  in  the  Ge  singles  spectrum 
to  be  corrected  for  summing  losses  due  to  the  small  relative  magnitude  of  this  effect.  The 
situation  was  different  for  the  scintillators,  as  discussed  below,  which  were  closer  to  the 
sample  and  therefore  had  higher  detection  efficiencies. 

Singles  spectra  were  also  extracted  for  each  BGO  detector  and  one  example  is 
shown  in  Fig.  11.  Again,  no  sorting  conditions  were  imposed  on  the  data,  but  the 
instrumentation  required  coincidence  with  a  count  from  the  Ge  detector.  The  largest 
peaks  in  the  spectrum  were  identified  with  intense  gamma  rays  from  17Sm2Hf  and  l72Hf 
decays.  The  spectrum  excludes  the  low-energy  part  of  the  89/93-keV  doublet  due  to  the 
minimum  thresholds  in  the  CF  discriminator.  Clearly,  spectroscopy  with  the  BGO  was 
severely  inhibited  due  to  the  wide  peaks,  particularly  for  the  many  overlapping  lines  from 
the  hafnium  source.  This  same  difficulty  was  found  when  attempting  to  determine  the 
BGO  efficiency  using  multi-line  calibration  sources  such  as  152Eu.  In  no  case  could 
FitzPeaks  provide  meaningful  fits  for  BGO  spectra,  but  the  well-known  TV  program  [28] 
was  able  to  provide  accurate  fits  for  singlets,  with  systematic  errors  on  the  order  of  5%  or 
less  for  sources  such  as  l09Cd  or  137Cs.  It  was  also  possible  to  obtain  reasonable  fits  for 
the  lines  from  60Co  which  were  sufficiently  resolved  (see  Fig.  6)  and  the  efficiency  for 
gamma-ray  detection  at  1 ,332  keV  in  a  single  BGO  crystal  was  about  1  %.  The  paucity  of 
points  from  single-line  sources  did  not  provide  a  suitable  efficiency  calibration  over  a 
wide  range  of  energies,  so  a  different  procedure  was  employed. 

Figure  1 1  placement 

A  time  spectrum  obtained  from  a  single  BGO  detector  is  shown  in  Figure  12, 
extracted  from  the  full  data  set.  A  START  signal  opened  an  active  interval  for  the  TDC 
such  that  STOP  pulses  occurring  during  this  interval  were  distributed  throughout  the 
spectrum,  as  discussed  above.  Events  in  which  a)  no  gamma  ray  entered  the  BGO 
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crystal,  b)  no  STOP  pulse  was  generated  because  its  energy  was  below  the  discriminator 
threshold,  or  c)  a  STOP  pulse  was  generated  too  late  for  the  active  window,  were 
recorded  in  the  sliding-scale  section.  Delays  in  the  timing  channels  placed  coincidence 
between  Ge  and  BGO  detectors  at  roughly  the  center  of  the  active  range.  The  shape  of 
the  coincidence  curve  in  the  figure  indicated  walk  from  low-energy  pulses  in  the  Ge 
channel  as  the  origin  of  the  shoulder  to  the  left  of  the  main  coincidence  peak.  The 
smaller  shoulder  to  the  right  was  due  to  walk  in  the  BGO  channel.  The  full  width  of  the 
narrow  coincidence  peak  was  70  channels,  corresponding  to  a  resolving  time  of  51  ns. 
Based  on  the  constant  level  of  background  far  from  the  narrow  peak,  0.72%  of  the  counts 
within  the  70-channel  width  corresponded  to  random  coincidences  with  respect  to  the  Ge 
START.  Taking  a  larger  width  of  700  channels  ensured  inclusion  of  true  coincidences 
with  walk  of  either  START  or  STOP  signals  and  of  those  counts  only  2.7%  were  due  to 
random  coincidences.  Herein,  a  full  sorting  width  of  700  channels  was  employed,  but  the 
effective  resolving  time  for  true  coincidences  was  still  on  the  order  of  50  ns. 

Figure  12  placement 

Figure  1 3  shows  a  part  of  the  y-y  (“doubles”)  spectrum  for  the  Ge  and  one  specific 
BGO,  extracted  from  the  data  set  under  the  condition  of  coincidence  as  discussed  above. 
While  singles  spectra  (like  that  of  Fig.  11)  were  too  complex  for  fitting,  projections  of 
specific  ranges  in  the  y-y  data  allowed  analysis  using  TV.  Software  gates  (called  cuts  in 
TV)  were  made  using  this  software,*  such  as  the  one  shown  in  Fig.  13  around  the  495- 
keV  peak  in  the  Ge  projection.  The  BGO  projection  for  this  cut  therefore  contained 
coincident  photopeaks  and  Compton  events  originating  in  the  ml  band  of  Fig.  1,  and 
random  coincidences.  BGO  spectra  obtained  from  different  cuts  were  quite  sparse 
compared  with  a  full  projection  and  fits  to  the  broad  peaks  were  performed  using  the 
known  energies  of  gamma  rays  emitted  in  l78m2Hf  and  I7-Hf  decays.  Figure  14  shows 
two  BGO  spectra  corresponding  to  cuts  on  495-keV  and  325-keV  lines  in  the  Ge 
projection. 

Figure  1 3  placement 

Figure  14  placement 

Efficiency  values  for  gamma  rays  detected  by  a  BGO  and  in  coincidence  with  the 
Ge  detector  were  obtained  using  the  peak  fits  from  cut  spectra  and  are  plotted  in  Fig.  15a. 
Considering  a  BGO  spectrum  that  resulted  from  a  specific  Ge  cut  around  y\,  the  number 
of  counts  Nji  in  a  full-energy  peak  therein  was  given  by 


(2) 


*  Many  other  spectrum  analysis  programs  were  available,  including  the  powerful  Radware  suite.  The 
miniball  system  produces  asymmetric  data  from  the  different  detector  types  and  so  TV  was  chosen  as  being 
best  suited  to  this  application. 
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where  Nt  corresponds  to  the  value  in  Eq.  (!)  provided  that  the  cut  process  included 
standard  background  subtraction  using  channels  in  the  continuum  to  the  right  and  left  of 
the  Ge  peak  for  71.  The  £j  denotes  the  efficiency  for  detection  of  a  specific  Yj  in  the  BGO 
in  coincidence  with  the  given  y,  on  which  the  cut  was  made  in  the  Ge  projection.  The 
factor fj\,  is  the  fraction  of  decay  events  that  emit  the  particular  y,  provided  that  y;  was  also 
emitted  (see  Appendix  A).  A  cut  taken  on  the  Ge  213-keV  line  provided  BGO 
efficiencies  for  the  coincident  325-keV  and  426-keV  lines.  Likewise,  a  cut  on  the  Ge 
426-keV  line  provided  BGO  efficiencies  for  213  keV  and  325  keV.  Thus,  cross-checking 
was  performed  between  efficiency  values  at  each  specific  energy  obtained  using  different 
cuts.  It  is  worth  noting  that  cut  spectra  corresponding  to  the  ground  state  band  did  not 
include  full-energy  gamma-ray  peaks  at  89  keV  and  93  keV  from  the  8"  ->  8+  and 

2+  0+  transitions,  respectively,  or  from  X  rays  following  electron  conversion.  This  was 

due  to  the  small  size  of  the  corresponding  unamplified  BGO  signals  which  were  below 
the  minimum  discriminator  thresholds.  Nevertheless,  the  spectra  evidenced  summations 
between  these  gamma  rays  and  the  main  features  at  213  keV,  325  keV  and  426  keV. 
Also,  summations  appeared  between  X  rays  emitted  following  conversion  of  the  89-  and 
93-keV  transitions  and  the  main  gamma  lines.  These  sum  events  result  from  triple 
coincidences  in  which  y\  enters  the  Ge  detector  and  both  y  and  y*  enter  a  single  BGO 
crystal.  To  determine  the  direct  efficiencies  from  Eq.  (2),  counts  in  identifiable  sum 
peaks  within  the  BGO  singles  spectrum  were  added  to  the  full-energy  counts  of 
individual  gamma  rays.  The  resulting  efficiencies  reflected  values  for  hypothetical 
single-lines  sources. 

Figure  15  placement 

Efficiency  values  were  also  determined  based  on  the  relationship  between 
individual  and  sum  peaks  using  the  method  of  Appendix  B.  Despite  their  larger 
statistical  errors,  their  magnitudes  confirm  the  direct  efficiencies  as  shown  in  Fig.  15a. 
Systematic  errors  in  fitting  of  the  broad  BGO  peaks  are  not  shown,  but  were  estimated  to 
be  on  the  order  of  10%. 

Each  scintillator  evidenced  a  unique  efficiency  curve,  as  expected.  The  principal 
causes  were  that  each  detector  lay  at  a  slightly  different  spacing  from  the  sample  and  that 
self-absorption  was  different  for  each  specific  sample  orientation  relative  to  a  given 
detector.  In  one  case,  the  CF8000  threshold  was  obviously  lower,  enhancing  the 
efficiency  for  low-energy  gamma  rays  recorded  from  that  BGO.  For  the  following 
analyses,  an  averaged  efficiency  was  detennined  as  shown  in  Fig.  15b  to  represent  the 
canonical  single  BGO  response. 

3.3  Physical  multiplicity  and  detected  fold 

The  miniball  system  was  designed  to  perform  time-resolved  calorimetry  for 
gamma-ray  cascades  resulting  from  natural  decay  of  ,78m2Hf  and  from  possible  prompt 
induced  energy  release.  Figure  16  shows  bi-dimensional  plots  of  the  Ge  energy  vs.  the 
summed  energy  from  the  scintillators  for  different  values  of  detected  coincidence  fold. 
Every  event  records  at  least  one  gamma  ray,  from  the  Ge  crystal,  so  the  total  detected 
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fold  is  designated  as  1  +  F,  where  F  is  the  detected  fold  from  the  six  BGO  detectors. 
Sorting  was  performed  as  described  above  with  F  being  the  number  of  BGO’s  that 
produced  a  valid  STOP  pulse  within  the  respective  coincidence  period  of  the  individual 
detector.  The  summed  gamma-ray  energy  registered  from  the  BGO  detectors  was  then 
obtained  by  adding  the  individual  spectroscopic  data  from  the  separate  scintillators. 

Each  natural  decay  of  I78m2Hf  produces  (see  Fig.  1)  two  gamma-ray  bursts  from 
cascades  separated  by  the  4-s  ml  isomer.  Only  a  single  cascade  occurs  below  that 
isomer,  releasing  a  total  energy  of  1,147  keV  and  possessing  a  physical  multiplicity  of 
five.  However,  the  93-keV  transition  is  strongly  converted  (ck^  =  4.74)  and  it  and  the  89- 
keV  transition  are  suppressed  in  the  BGO  spectra  due  to  the  discriminator  levels.  This 
means  that  the  effective  physical  multiplicity  is  reduced  to  three  unless  the  89-keV  or  93- 
keV  gamma  rays  register  in  the  Ge  detector.  Tire  effective  triplet  cascade  then  contains 
the  21 3-,  325-  and  426-keV  transitions  for  a  total  energy  of  964  keV.  The  cascade  above 
the  4-s  isomer  releases  1,298.7  keV  and  contains  a  number  of  branches,  so  that  the 
physical  multiplicity  ranges  from  4-6.  The  first  step  of  the  decay,  the  16+  13' 

transition  at  12.7  keV,  is  completely  converted  with  a^.i  -  1.39xl07  so  the  effective 
physical  multiplicity  ranges  from  3-5.  The  most  intense  branch  (70.7%)  occurs  through 
the  574-,  495-  and  217-keV  transitions  with  a  physical  multiplicity  of  three  (53.1%  for 
the  gamma-ray  triplet).  All  gamma-ray  triplets  contribute  a  total  of  72.2%. 

Figure  1 6  placement  (full  page  for  a-i) 

Decay  of  l72Hf  nuclei  in  the  sample  produces  gamma  rays  emitted  in  many 
different  branched  cascades  from  transitions  in  l72Lu  and  l72Yb.  From  the  established 
nuclear  data  [2],  on  the  order  of  30  cascades  correspond  to  a  physical  multiplicity  of  two, 
on  the  order  of  140  cascades  correspond  to  a  physical  multiplicity  of  three  and  on  the 
order  of  360  cascades  correspond  to  a  physical  multiplicity  of  four.  Higher  multiplicity 
cascades  are  also  possible.  Decays  of  172Hf  and  172Lu  can  lead  to  different  daughter 
levels,  so  cascades  of  identical  physical  multiplicity  may  represent  various  total  energies 
released  by  the  gamma-ray  transitions.  Despite  the  complexity  of  cascades  following 
l72Hf  decay,  a  physical  multiplicity  of  three  represents  a  major  component. 

For  a  given  physical  multiplicity,  the  frequency  with  which  a  given  detected  fold 
F  would  occur  could  be  modeled  using  a  simple  Monte  Carlo  code.  Figure  17a  shows  a 
histogram  of  the  calculated  detected  fold  F  assuming  an  energy  of  250  keV  (thus  a  BGO 
photopeak  efficiency  of  5.4%)  for  all  gammas  in  the  cascade  and  a  physical  multiplicity 
of  three.  In  this  idealized  case,  the  detected  folds  appear  in  the  absolute  intensities  listed 
in  Table  1  and  plotted  in  Fig.  17a.  Also  given  are  measured  total  counts  within  bi- 
dimensional  Ge  vs.  summed  BGO  spectra  for  different  coincident  folds.  The  general 
agreement  between  measured  and  calculated  intensities  for  different  folds  is  surprisingly 
good,  considering  that  the  spectra  contained  contributions  from  different  physical 
multiplicities.  Another  factor  that  reduced  the  accuracy  of  the  calculation  was  that  some 
coincidence  counts  in  a  BGO  in  coincidence  were  due  to  Compton  rather  than  photopeak 
interactions.  Some  gamma  rays  reaching  a  BGO  in  coincidence  did  not  provide  a  valid 
STOP  pulse  due  to  their  pulse  height  so  that  those  events  were  recorded  as  having  a 
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detected  fold  of  F  -  1  rather  than  F.  This  was  also  the  case  when  coincident  summing 
occurred  within  a  single  BGO.  For  prompt  triggered  gamma  emission,  the  physical 
multiplicity  will  be  on  the  order  of  eight  so  that  the  anticipated  distribution  of  detected 
folds  will  be  that  of  Fig.  17b. 

Figure  17  placement 

Table  1  placement 

3.4  Calorimetry 

The  spectrum  of  Fig.  16a,  with  expanded  section  in  Fig.  16b,  shows  data  for  a 
detected  fold  of  1  +  1  (Ge  +  any  one  BGOs)  and  contains  numerous  paired  gamma-ray 
peaks.  In  the  case  of  178m2Hf  decay  in  the  cascade  below  the  ml  isomer,  detection  of  2 1 3 
keV  in  the  Ge  coincident  with  detection  of  325  keV  in  one  BGO  provides  a  peak  while 
the  converse  (325  keV  in  the  Ge,  213  keV  in  the  BGO)  provides  its  partner.  A  line  drawn 
in  Fig.  16a  connecting  these  two  peaks  represents  a  locus  of  constant  total  deposited 
energy  at  538  keV.  This  is  significantly  less  than  the  total  cascade  energy  since  the 
physical  multiplicity  is  five  and  the  detected  fold  is  only  1  +  1.  Examination  of  the  1  +  2 
spectaim  of  Fig.  16c,  with  expanded  section  in  Fig.  16d,  shows  two  loci  of  y-y-y  peaks 
corresponding  to  deposited  energies  of  964  keV  and  1,286  keV,  representing  nearly  the 
full  17StnlHf  ->  l78gHf  and  178m2Hf^  l78mlHf  cascades,  respectively. 

The  1  +3  spectrum  of  Figs.  16d  and  16e  also  evidences  a  locus  of  1,286  keV 
from  several  cascade  branches  with  physical  multiplicity  of  four  above  l78mlHf,  while  one 
peak  is  seen  that  corresponds  to  decay  of  l78mlHf  to  the  ground  state  with  summed  energy 
of  1 ,057  keV.  The  latter  peak  is  actually  a  doublet  of  89-keV  and  93-keV  lines  in  the  Ge 
detector  from  events  of  physical  multiplicity  of  four  in  the  ground-state  band.  The  peak 
corresponding  to  93  keV  in  the  Ge  detector  is  smaller  since  the  transition  is  heavily 
converted.  No  other  peaks  from  the  ground  state  band  can  appear  with  such  high 
detected  fold  since  the  89-keV  and  93-keV  peaks  were  suppressed  from  the  BGO 
detectors  due  to  discriminator  thresholds. 

In  addition  to  features  identified  with  178m2Hf,  loci  of  constant  summed  energy 
appear  in  the  spectra  from  cascades  following  l72Hf  decay.  For  a  detected  fold  of  1  +  1  in 
Figs.  1 6a  and  1 6b,  paired  peaks  appear  from  900-keV  and  1 ,093-keV  transitions,  giving  a 
summed  energy  of  1,993  keV.  Many  other  peaks  from  172Hf  decay  contribute  to  the  1  +  1 
spectrum,  although  in  some  instances  both  partners  do  not  appear.  This  occurs  when  the 
energy  of  one  of  the  gamma  rays  is  too  low  to  register  in  the  BGO  spectrum.  For  any 
detected  fold,  different  summed  energy  loci  exist  from  the  numerous  decay  branches. 
Gamma-ray  cascades  in  l72Lu  have  summed  energies  less  than  240  keV.  Summed 
energies  of  l72Yb  cascades  reach  as  high  as  2,343  keV  (2.57%)  after  decay  of  l72Lu,  with 
a  total  of  9.59%  exceeding  2,200  keV. 


s  Tliis  differs  from  Fig  13  which  shows  doubles  data  between  the  Ge  and  one  specific  BGO,  but  without 
restrictions  on  what  is  recorded  by  the  other  BGO  scintillators.  Figure  16a  contains  doubles  between  the 
Ge  and  any  BGO  for  the  case  that  exactly  one  of  the  BGO  registers  a  coincident  gamma  ray. 
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suggested  in  1995  that  on  this  basis  a  trigger  level  might  be  found  "near  2.8  MeV"  [9] 
from  the  "speculation  that  [trigger]  levels  are  prevalent  and  lie  between  2.5  -  2.8  MeV" 
[10].  First  trigger  experiments  were  attempted  in  1996  by  inelastic  scattering  of  alpha 
particles  at  Orsay,  with  a  repeat  in  1997,  but  as  yet  no  firm  results  are  known.  The  first 
photon  triggering  experiments  began  in  late  1998  and  the  positive  indications  reported 
therefrom  [11,  12]  began  the  present  intense,  and  controversial  [13],  period  of  research. 

The  field  of  study  of  triggered  gamma  emission  from  isomers  is  now  moving  into 
a  new  era,  defined  by  less  reliance  on  systematics  predictions  and  utilizing  the  greatly 
improved  spectroscopic  level  data  from  more  traditional  experiments.  With  the  ability  to 
identify  and  target  specific  potential  trigger  transitions,  one  can  anticipate  a  greatly 
increased  pace  of  research.  Within  this  context,  the  work  conducted  by  the  YSU  Isomer 
Physics  Project  under  AFOSR  support  has  provided  a  considerable  base  of  fundamental 
knowledge  and  has  significantly  advanced  the  field.  Such  basic  information  as  cross 
sections  for  different  reaction  mechanisms  is  central  to  any  evaluation  of  the  feasibility  of 
isomers  for  applications. 

A  total  of  twenty  manuscripts  have  been  published  during  the  period  of 
performance  of  this  grant  period.  One  manuscript  is  in  press  for  2006  while  two  others 
have  been  submitted  and  are  under  review.  Also,  twenty  invited  and  three  contributed 
presentations  by  the  PI  resulted  from  grant  sponsorship  and  six  contributed 
presentations/posters  were  made  by  undergraduate  students  supported  hereby.  In 
addition,  the  PI  served  as  Co-Program  Chairman  of  three  international  scientific 
conferences  in  this  field  and  as  Co-Chairman  of  a  session  on  these  topics  at  another 
meeting.  The  PI  served  as  well  as  a  reviewer  for  the  Science  and  Technology  Center  in 
Ukraine  during  2005. 

The  essential  technical  details  of  the  papers  may  be  found  in  Appendix  A  while 
Appendices  B  and  C  list  Invited  and  Contributed  Presentations,  respectively,  under  this 
grant  period.  A  few  highlights  are  listed  below  to  indicate  the  degree  to  which  the  YSU 
Isomer  Physics  Project  has  contributed  to  a  firm  foundation  for  possible  applications  of 
long-lived  isomers. 

HIGHLIGHTS  OF  PUBLISHED  RESULTS 

Experimental  tests  of  triggered  gamma  emission  occupy  a  rather  narrow  field 
within  nuclear  physics.  As  such,  this  work  is  somewhat  removed  from  the  mainstream  of 
nuclear  physics  and  has  suffered  from  a  perceived  lack  of  firm  founding  in  traditional, 
experimentally-verified  concepts  of  the  larger  field.  The  extremely  large  integral  cross 
sections  from  initial  reports  of  triggering  of  l80mTa  perpetuated  this  perception  until  later 
work  showed  that  improved  measurements  were  indeed  in  agreement  w'ith  established 
nuclear  systematics  [14].  Finally,  for  180mTa  it  was  possible  to  make  first  identifications 
of  specific  nuclear  states  in  level  schemes  with  the  energies  that  provided  absorption  of 
incident  photons  to  cause  triggered  gamma  emission  [8].  Work  conducted  under  this 
grant  has  contributed  significantly  to  the  foundations  of  triggered  gamma  emission  and 
explored  several  new  concepts.  A  few  recent  highlights  will  be  given  to  indicate  the 
breadth  and  depth  of  these  efforts. 


“Design  and  characterization  of  a  compact  multi-detector  array  for  studies  of  induced 
gamma  emission:  Spontaneous  decay  of  178m2Hf  as  a  test  case,”  P.  Ugorowski,  R. 
Propri,  S.  A.  Karamian,  D.  Gohlke,  J.  Lazich,  N.  Caldwell,  R.  S.  Chakrawarthy, 
M.  Helba,  H.  Roberts  and  J.  J.  Carroll,  Nuclear  Instruments  and  Methods  A 
(submitted  2006). 

Summary: 

Some  published  reports  (see  the  survey  in  Ref.  [13])  have  claimed  evidence  that 
triggered  gamma  emission  could  be  induced  from  ,78m2Hf  using  incident  real  photons 
near  10  keV.  To  investigate  these  claims  with  improved  sensitivity,  a  final 
implementation  of  the  YSU  miniball  array  was  utilized  at  the  BL12B2  beamline  at 
SPring-8.  Results  obtained  during  irradiations  will  be  presented  in  a  later  manuscript,  but 
prior  to  that  a  fully-detailed  characterization  of  the  miniball  system  was  performed  using 
natural  decay  of  I78m2Hf.  This  provided  a  baseline  of  natural  events  from  which  to 
compare  measurements  that  could,  in  principle,  have  produced  induced  events. 

“K11  =  0+  2.29  s  isomer  in  neutron-rich  174Tm,”  R.  S.  Chakrawarthy,  P.  M.  Walker,  J.  J. 
Ressler,  E.  F.  Zganjar,  G.  C.  Ball,  M.  B.  Smith,  A.  N.  Andreyev,  S.  F.Ashley,  R. 
A.  E. Austin,  D.  Bandyopadhyay,  J.  A.  Becker,  J.  J.  Carroll,  D.  S.  Cross,  D. 
Gohlke,  J.  J.  Daoud,  P.  E.  Garrett,  G.  F.  Grinyer,  G.  Hackman,  G.  A.  Jones,  R. 
Kanungo,  W.  D.  Kulp,  Y.  Litvinov,  A.  C.  Morton,  W.  J.  Mills,  C.  J.  Pearson,  R. 
Propri,  C.  E.  Svensson,  R.  Wheeler  and  S.  J.  Williams,  Physical  Review  C 
(accepted  2006). 

Summary: 

This  paper  describes  the  characterization  of  a  newly-discovered  isomer  based  on 
measurements  performed  using  the  so-called  8k  detector  array  and  spallation  ion  source 
(ISAC)  at  TRIUMF.  The  array  consists  of  twenty  Compton-suppressed  Ge  detectors  and 
was  coupled  with  a  new  internal  array  of  conversion-electron  detectors. 


“Production  of  long-lived  hafnium  isomers  in  reactor  irradiations,”  S.  A.  Karamian,  J.  J. 
Carroll,  J.  Adam,  E.  N.  Kulagin  and  E.  P.  Sabalin,  High  Energy  Density  Physics 
(submitted  2005);  “Production  of  the  l78m2Hf  isomer  using  a  4.5-GeV  electron 
accelerator,”  S.  A.  Karamian,  J.  J.  Carroll,  J.  Adam  and  N.  A.  Demekhina, 
Nuclear  Instruments  and  Methods  A  530,  463  (2004). 

Summary: 

The  first  of  these  papers  describes  a  new,  more  accurate  measurement  of  the  cross 
section  for  production  of  this  long-lived  isomer  using  reactor  neutrons,  including  an 
improved  measurement  for  so-called  burnup,  or  depletion,  of  the  isomer  itself  in  that 
environment.  The  second  paper  describes  a  first  measurement  of  the  cross  section  for 
production  of  this  isomer  using  high-energy  bremsstrahlung. 


“Nuclear  excitation  and  de-excitation  in  resonant  electronic  transitions,”  M.  R.  Harston 
and  J.  J.  Carroll,  Laser  Phys.  14,  1452  (2004);  “Limits  on  nuclear  excitation  and 
deexcitation  of  178Hfm2  by  electron-nucleus  coupling,”  M.  R.  Harston  and  J.  J. 
Carroll,  Laser  Phys.  15,  487  (2005). 

Summary: 

The  first  paper  describes  the  general  calculation  of  probabilities  for  NEET 
(nuclear  excitation  by  electron  transitions)  which  occurs  as  a  result  of  coupling  between 
the  nucleus  and  atomic  transitions  under  certain  conditions.  The  second  paper  describes  a 
detailed  calculation  of  the  NEET  probabilities  for  the  l78m2Hf  nucleus.  These 
probabilities  are  small  and  do  not  agree  with  the  suggestion  that  NEET  is  the  mechanism 
responsible  for  claims  of  low-energy  triggering. 

“Studies  of  high-K  isomers  at  TRIUMF-ISAC,”  M.  B.  Smith,  P.  M.  Walker,  R.  S. 
Chakrawarthy,  R.  A.  E. Austin,  G.  C.  Ball,  J.  J.  Carroll,  E.  Cunningham,  P.  Finlay, 
P.  E.  Garrett,  G.  F.  Grinyer,  G.  Hackman,  B.  Hyland,  K.  Koopmans,  W.  D.  Kulp, 
J.  R.  Leslie,  A.  A.  Phillips,  R.  Propri,  P.  H.  Regan,  F.  Sarazin,  M.  A.  Schumaker, 
H.  C.  Scraggs,  T.  Shizuma,  C.  E.  Svensson,  J.  von  Schwarzenberg,  J.  C. 
Waddington,  D.  Ward,  J.  L.  Wood,  B.  Washbrook  and  E.  F.  Zganjar,  Nucl.  Phys. 
A  746,  617(2004). 

Summary: 

This  paper  describes  the  scope  of  and  some  results  from  the  program  of  studies  of 
high-K  isomers  conducted  at  TRIUMF  using  ISAC  and  the  87c  array.  The  class  of  high-K 
isomer  includes  l78m2Hf  and  180mTa,  for  example. 

“Gamma  rays  emitted  in  the  decay  of  3 1 -year  178m2Hf,”  M.  B.  Smith,  P.  M.  Walker,  G.  C. 
Ball,  J.  J.  Carroll,  P.  E.  Garrett,  G.  Hackman,  R.  Propri,  F.  Sarazin  and  H.  C. 
Scraggs,  Phys.  Rev.  C  68,  03 1 302(R)  (2003). 

Summary: 

1 .  Some  reports  claiming  evidence  in  support  of  low-energy  triggering  of  178m2Hf 
have  reported  the  appearance  of  “new”  gamma  lines  that  appear  only  during 
irradiation  of  an  isomeric  target.  The  term  “new”  indicates  that  the  gamma 
transitions  reported  do  not  appear  in  the  natural  decay  cascades  from  the  31 -year 
m2  isomer.  The  statistical  nature  of  the  reported  data  for  these  “new”  lines  is 
poor,  but  if  one  assumes  that  the  lines  do  appear,  then  it  is  important  to  insure  that 
they  are  now  weakly-populated  transitions  in  the  natural  decay,  hitherto 
unobserved.  This  paper  describes  the  detailed  measurement  of  the  natural  decay 
of  178m2Hf,  from  which  a  number  of  newly  observed  gamma  decays  from  the  31- 
year  isomer  and  between  the  two  8"  bands  were  detected.  Other  unplaced  “new” 
gamma  lines  were  discussed  which  may  have  influenced  claims  of  nearby  lines 
appearing  due  to  triggering. 


“’Forced-gamma  emission’  studies  involving  nuclear  isomers  using  fast  neutrons  and 
bremsstrahlung  x  rays,”  N.  A.  Guardala,  J.  L.  Price,  J.  H.  Barkyoumb,  R.  J. 
Abbundi,  G.  Merkel  and  J.  J.  Carroll,  in  Applications  of  Accelerators  in  Research 
and Industiy  (American  Institute  of  Physics,  Melville,  New  York,  2003). 

Summary: 

This  paper  describes  and  proposes  a  series  of  experiments  to  study  fast-neutron- 
and  photon-induced  triggering  of  selected  nuclear  isomers.  These  isomers  have  halflives 
in  the  range  of  42.6  minutes  to  57.4  days.  Although  not  sufficiently  long-lived  to  provide 
reasonable  storage  for  applications,  they  may  be  suitable  for  experiments  with  equipment 
available  at  the  Naval  Surface  Warfare  Center,  Carderock  Division  (NSWCCD). 

“Possible  Ways  for  Triggering  the  l79rn2Hf  isomer,”  S.  A.  Karamian,  J.  J.  Carroll,  L.  A. 
Rivlin,  A.  A.  Zademovsky  and  F  .J.  Agee,  Laser  Phys.  14,  1  (2004). 

Summary: 

The  25.1 -day  isomer  of  I79Hf  may  prove  useful  in  trigger  experiments  and  can  be 
produced,  in  principle,  in  sufficient  amounts  for  testing.  Modem  nuclear  level  data 
supports  the  identification  of  at  least  three  different  potential  trigger  methods  based  on 
specific  candidates  for  intermediate  states  as  discussed  in  this  paper. 

“An  Experimental  Perspective  On  Triggered  Gamma  Emission  From  Nuclear  Isomers,” 
J.  J.  Carroll,  Laser  Physics  Letters  (in  press  for  2004). 

Summary: 

This  paper  surveyed  the  status  of  the  field  of  study  into  induced  gamma  emission, 
and  in  particular  detailed  the  conflicting  results  into  low-energy  triggered  gamma 
emission  from  178m2Hf. 

“Ups  and  downs  of  nuclear  isomers,”  P.  J.  Walker  and  J.  J.  Carroll,  Physics  Today  June 
2005,  p.  39. 

Summary: 

This  paper  surveys  the  aspects  of  nuclear  isomers  that  allows  them  to  provide 
unique  tests  of  nuclear  structure  and  to  suggest  possible  applications. 

MANUSCRIPT  IN  PROGRESS 

Preparation  of  a  manuscript  describing  the  searches  for  “slow”  and  “prompt”  low- 
energy  triggered  gamma  emission  from  l78m2jjf  has  begun  and  submission  to  Physical 
Review  C  is  anticipated  during  the  first  third  of  2006.  This  manuscript  will  therefore 
describe  work  performed  under  this  grant.  The  working  title  is  “Tests  of  low-energy 


triggered  gamma  emission  from  l78m2Hf  using  monochromatic  synchrotron  radiation  at 
SPring-8.” 

Experiments  performed  during  the  grant  period  at  Germany’s  Gesellschaft  ftir 
Schwerionenforschung  (Darmstadt)  and  the  University  of  Stuttgart  are  still  being 
analyzed  and  manuscript  may  be  expected  at  some  time  during  2006.  These  were  a 
search  for  new  long-lived  isomers  and  a  study  of  population  of  l76mLu  by  (y,  y’)  reactions 
(with  complimentary  nuclear  resonance  fluorescence  measurements),  respectively. 
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Abstract 

Reports  that  incident  photons  near  10  keV  can  induce  the  emission  of  gamma  rays 
with  concomitant  energy  release  from  the  31 -year  isomer  of  178Hf  challenge  established 
models  of  nuclear  and  atomic  physics.  In  order  to  provide  a  direct  and  independent 
assessment  of  these  claims,  a  multi-detector  system  was  designed  as  a  specialized 
research  tool.  The  so-called  YSU  miniball  is  unique  in  its  combination  of  performance 
characteristics,  compact  size  and  portability,  enabling  it  to  be  easily  transported  to  and 
placed  within  the  confines  of  beamline  hutches  at  synchrotron  radiation  sources. 
Monochromatic  synchrotron  radiation  was  used  in  the  most  recent  studies  from  which 
evidence  of  prompt  triggering  was  claimed,  suggesting  similar  sites  for  independent  tests 
of  these  results.  The  miniball  array  consists  of  six  high-efficiency  BGO  scintillators 
coupled  with  a  single  65%  Ge  detector  and  provides  time-resolved  gamma-ray 
calorimetry  rather  than  purely  spectroscopic  data.  The  need  to  record  high  detected  folds 
from  trie  array  (up  to  seven-fold  gamma  coincidences)  makes  this  system  different  in 
practice  from  standard  spectroscopic  arrays  for  which  data  is  typically  restricted  to  triples 
or  lower  folds.  Here  the  system  requirements  and  design  are  discussed,  as  well  as  its 
performance  as  characterized  using  the  well-known  natural  decay  cascades  of  l78m2Hf. 
This  serves  as  the  foundation  for  subsequent  high-sensitivity  searches  for  low-energy 
triggering  of  gamma  emission  from  this  isomer. 
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1.  Introduction 


The  possibility  that  nuclear  energy  could  be  released  in  a  relatively  clean  fashion 
from  long-lived  nuclear  isomers  has  been  under  consideration  for  decades  [1],  Such 
metastable  states  are  capable  of  storing  considerable  energy  for  rather  long  durations. 
The  archetype  is  l80mTa,  being  an  excited  state  with  a  halflife  greater  than  10 15  years  and 
located  75  keV  above  the  unstable  ground  state  [2].  An  induced  depopulation  of  this 
isomer  due  to  irradiation  of  samples  with  real  photons  (bremsstrahlung)  was  first 
observed  in  1987  [3]  with  detailed  confirmation  and  characterization  of  the  process 
coming  later  (see  Ref.  [4]  and  references  therein),  lire  induced  depopulation  was 
accompanied  by  a  release  of  the  stored  75  keV,  but  was  initiated  by  incident  photons  of  at 
least  1  MeV,  proving  to  be  a  sink  rather  than  a  source  of  energy.  Nevertheless,  the 
existence  of  transitions  connecting  the  isomer  to  levels  that  decay  to  the  ground  state 
provided  intriguing  insight  into  weak  components  in  the  wavefunctions  [5]. 

Other  isomers  have  been  suggested  as  being  potentially  of  greater  practical 
value  [1].  Principal  among  these  is  the  31 -year-lived  isomer  1  *nL!Hf,  storing  2.446  MeV 
per  nucleus,  or  about  1.3  GigaJoules/gram  at  natural  density.  Studies  which  attempted  to 
replicate  the  induced  depopulation  of  l80mTa  for  l78m2Hf  have  concentrated  so  far  on 
rather  low  energies,  using  real  photons  below  100  keV  from  bremsstrahlung  and 
synchrotrons.  Experiments  using  virtual  photons  via  Coulomb  excitation  have  been 
conducted  on  ground-state  1/SHf  targets,  providing  results  that  support  the  possibility  of 
induced  depopulation  of  17Snl2Hf  by  transitions  with  energies  greater  than  300  keV  [6,  7], 
Reference  [8]  surveys  the  experimental  landscape  as  of  early  2004,  and  later  results  or 
additional  details  of  previous  results  are  described  in  Refs.  [9-11].  The  controversial 
nature  of  the  positive  results,  in  light  of  several  carefully-conducted  null  measurements, 
perhaps  reached  its  zenith  with  the  recent  report  [9]  that  induced  depopulation  of  the 
i78m2pjf  jsomerj  wjth  jn  =  f^=  ]g+  proceeded  through  an  intermediate,  higher-lying  state 
that  subsequently  decayed  to  the  ground  state  in  a  single  transition.  Since  only  a  modest- 
multipolarity  transition  from  isomer  to  intermediate  state  could  be  expected,  this  would 
seem  to  require  a  AJ>  10  transition  for  the  purported  decay  transition. 

While  the  latter  claim  of  induced  depopulation  of  l78m2Hf  would  appear  to  require 
little  further  consideration,  other  previous  claims  are  not  unphysical  a  priori ,  although 
theoretical  analyses  have  cast  doubt  on  the  purported  mechanism  [12,  13].  As  in  the  case 
of  ls0Ta  and  other  nuclei  (see,  for  example,  Ref.  [14]),  the  presence  of  ^-forbidden 
transitions  in  l78Hf,  likely  required  for  an  induced  depopulation,  would  provide  important 
nuclear  structure  information.  Depletion  caused  by  incident  photons  of  low  energies, 
reported  to  be  near  10  keV,  would  also  have  important  implications  to  the  understanding 
of  nuclear-electron  couplings  and  potential  applications.  Also,  despite  continued  positive 
claims  the  magnitude  of  the  effect  remains  rather  small.  Thus,  improved  experimental 
methods  by  which  to  better  examine  these  claims  will  be  valuable. 

All  of  the  most  recent  positive  results  (see  the  survey  of  Ref.  [8]  and  Refs.  [9,  1 1]) 
were  obtained  using  monochromatic  synchrotron  radiation  (either  from  bending  magnets 
or  undulators)  as  the  source  of  incident  photons.  Most  null  experiments  were,  in  contrast. 
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obtained  using  continuum  radiation  sources,  including  bremsstrahlung  [15]  or  “white” 
synchrotron  radiation  [10,  16,  17]  and  thus  presented  unique  experimental  challenges  that 
differed  from  the  positive  measurements.  Also,  in  the  null  results  of  Refs.  [9,  11]  no 
special  timing  instruments  were  used  by  which  any  relationship  between  pulses  of 
synchrotron  radiation  and  gamma  rays  emitted  from  the  l78n<2Hf  sample  could  have  been 
recorded.  It  has  been  claimed  that  excess  gamma-ray  emission  triggered  by  incident 
photons  near  10  keV  was  prompt,  coming  within  a  few  nanoseconds  of  the  pulses  of 
synchrotron  radiation  [1 1 ,  18],  and  thus  that  the  duty  cycle  of  the  synchrotron  would  lead 
to  a  washing  out  of  the  signal  without  timing  information.  Reference  [18]  suggests  (see 
page  164)  that  this  explains  the  null  measurements.  An  independent  examination  of  the 
positive  reports  of  prompt  triggered  gamma  emission,  induced  by  monochromatic 
synchrotron  radiation  near  10  keV,  requires  a  different  approach  than  was  taken  in  the 
works  of  Refs.  [10,  16,  17],  For  this  purpose,  a  multi-detector  gamma  spectroscopic 
system  was  developed  in  a  compact  configuration  that  permitted  its  emplacement  within 
the  confines  of  the  radiation  hutch  at  the  BL12B2  beamline  of  the  SPring-8  synchrotron. 
This  beamline  was  chosen  as  providing  similar  radiation  characteristics  to  those  utilized 
to  obtain  some  positive  results  at  SPring-8.  These  independent  tests  will  be  described  in 
a  future  work  [19]. 

This  paper  will  first  discuss  the  design  requirements  and  implementation  for  the 
miniball  system  (Section  2)  as  needed  to  search  for  prompt  triggered  gamma  emission 
from  1,8m2Hf.  Then  the  sensitivity  of  the  array  for  detection  of  gamma-ray  cascades  will 
be  covered,  as  measured  from  the  well-known  natural  decay  of  this  isomer.  This  will 
include  determination  of  the  system  efficiency  and  detection  limits  for  gamma-ray 
calorimetry  (Section  3). 

2.  Detection  system 

2.1  Design  requirements  and  configuration 

Many  multi-detector  arrays  have  been  constructed  for  high-resolution  gamma-ray 
spectroscopy  [20],  such  as  the  well-known  Gammasphere  system.  The  large  value  and 
physical  size  of  these  systems  and  their  associated  instrumentation  make  it  infeasible  to 
consider  transporting  them  to  sites  such  as  SPring-8  and  emplacing  them  within  the 
confines  of  beamline  hutches  for  experiments  of  short  duration.  Thus,  it  was  necessary  to 
develop  a  unique  system  of  modest  size  that  combined  some  spectroscopic  capabilities 
with  the  essential  ability  to  perform  gamma-ray  calorimetry.  The  present  system  was 
designated  as  the  7517  miniball,  stressing  its  similarities  with  much  larger  arrays, 
although  its  design  is  predicated  on  a  very  specific  type  of  experiment.  Initial  design  of 
the  system  occurred  in  2001  [21]  and  an  implementation  was  used  in  works  described  in 
Refs.  [8,  15], 

Figure  1  is  a  schematic  energy-level  diagram  of  the  Hf  nucleus,  which 
possesses  several  isomers.  The  long-lived  (metastable)  levels  are  those  at  1,147.4  keV, 
with  a  halflife  of  4  s  {ml),  and  at  2,446.1  keV,  with  a  halflife  of  31  years  {m2).  The 
figure  shows  the  main  transitions  resulting  from  the  natural  decay  of  the  31-year 


3 


isomer  [22],  Also  depicted  is  a  sketch  of  a  general  process  of  induced  energy  release  that 
begins  with  excitation  of  a  nucleus  initially  in  the  m2  state  to  a  higher-lying  intermediate 
state.  Back-decay  (E)  of  the  intermediate  state  to  the  isomer  provides  only  elastic 
scattering  of  the  incident  entity,  assumed  to  be  real  photons.  Other  decay  branches  of  the 
intermediate  state  may  bypass  the  m2  level  and  initiate  cascades  that  eventually  reach  the 
stable  ground  state.  These  branches  would  provide  a  means  by  which  the  2,446.1  keV 
stored  by  the  31-year  isomer  could  be  released  via  gamma  rays  and  conversion  electrons. 
These  branches  may  be  generally  characterized  as  prompt  (P),  in  which  the  cascade  from 
the  intermediate  state  reaches  the  ground-state  band  immediately,  slow  (S),  in  which  the 
cascade  reaches  the  ml  band,  and  other  (O).  The  latter  type  of  cascade  bypasses  the  4-s 
isomer,  but  may  pass  through  some  states  that  have  significant  halflives  on  the  time  scale 
of  a  detection  system.  Reports  of  induced  energy  release,  so-called  triggered  gamma 
emission,  have  so  far  been  restricted  to  incident  photons  energies  near  10  keV.  Below  an 
energy  of  (2,446.1  +  10)  keV,  known  levels  have  halflives  less  than  1.5  ns  with  the 
exception  of  the  ml  metastable  state  and  a  shorter-lived  isomer  at  1,554.0  keV 
(T,/2  =  77.5  ns)  [2], 

Figure  1  placement 

As  mentioned  above,  recent  reports  of  positive  evidence  of  triggering  indicated 
that  the  gamma  emission  was  prompt,  coming  within  1  ns  of  the  pulse  of  incident 
synchrotron  radiation  [11],  In  that  work,  a  small-volume  Ge  detector  was  used  to 
measure  gamma  rays  emitted  from  a  sample  containing  178tri2Hf  as  it  was  being  irradiated 
with  monochromatic  synchrotron  radiation  near  10  keV.  Spectroscopic  information  was 
recorded  as  well  as  the  time  between  gamma  detection  and  individual  pulses  of  incident 
radiation.  Those  pulses  were  of  20  -  50  ps  duration  and  were  separated  by  several 
nanoseconds  -  the  time  of  the  pulses  was  determined  by  placing  an  avalanche  photodiode 
in  the  beam  (behind  the  sample)  [11].  Although  “1  GHz  electronics”  were  employed  for 
the  photodiode  [1 1],  the  true  time  resolution  between  pulses  and  gamma-ray  detection 
was  no  doubt  more  on  the  order  of  1 0  ns  as  is  typical  for  Ge  detectors.  In  any  event,  that 
report  precludes  cascades  that  are  delayed  by  passage  through  the  77.5-ns  isomer. 

The  l78Hf  nucleus  provides  a  natural  way  of  testing  this  claim  of  prompt  gamma 
emission  without  the  need  to  record  the  times  for  pulses  of  incident  synchrotron  radiation. 
As  discussed  in  Refs.  [15,  21]  and  seen  in  Fig.  1,  spontaneous  decay  of  the  m2  isomer 
occurs  via  two  bursts  of  gamma  rays,  each  of  which  consists  of  a  cascade  with  inter¬ 
transition  delays  less  than  1.5  ns.  The  first  burst  occurs  from  transitions  within  the  ml 
band,  after  decay  of  the  m2  state,  and  is  stopped  briefly  by  the  4-s  isomer.  The  total 
energy  released  in  the  first  cascade  from  the  16+  m2  isomer  to  the  8'  ml  isomer  is 
1,298.7  keV,  while  the  energy  released  in  the  second  cascade  from  the  ml  isomer  to  the 
ground  state  is  1,147.4  keV.  Within  each  cascade  the  gamma  rays  are  simultaneous  on 
the  scale  of  the  resolving  time  of  Ge  spectrometers.  If  the  gamma  rays  were  detected 
with  sufficiently  high  efficiency  by  a  large-solid  angle  array,  a  summation  of  their 
energies  would  coincide  with  the  total  energies  of  the  bursts,  minus  any  energy  lost  into 
conversion  electrons  and  therefore  invisible  to  the  Ge  detectors.  Conversely,  prompt 
gamma  emission  due  to  the  claimed  induced  energy  release  would  produce  a  single  burst 
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of  gamma  rays  with  total  energy  of  (2,446.1  +  10)  keV.  Gamma-ray  calorimetry  would 
therefore  distinguish  clearly  between  prompt  triggered  events  and  those  from  natural 
decay.  Such  high-summed-energy  cascades  could  only  be  due  to  triggering,  so  they 
would  be  of  necessity  correlated  with  incident  pulses  of  synchrotron  radiation  without 
any  need  to  explicitly  record  the  time  of  those  pulses. 

The  YSU  miniball  is  designed  to  perform  this  function  of  time-resolved  gamma- 
ray  calorimetry  using  a  compact  array.  A  photograph  of  the  miniball  located  with  the 
BL12B2  hutch  at  SPring-8  is  shown  in  Fig.  2.  A  balance  between  performance  and 
portability  was  achieved  by  using  six  3.0”  diameter  x  2.5”  long  BGO  crystals  to  provide 
high  solid  angle  (about  83%  of  4tu)  and  high  intrinsic  efficiency.  Nal(Tl)  crystals  were 
employed  in  previous  implementations  [15,  21],  but  the  lower  peak-to-Compton  ratio  of 
that  scintillator  material  compared  with  BGO  made  interpretation  of  spectra  more 
difficult,  thus  the  change  to  BGO.  Many  reports  of  induced  energy  release  indicated 
evidence  of  the  emission  of  gamma  rays  at  energies  not  part  of  the  natural  decay  cascades 
(see  the  survey  of  Ref.  [8]).  High-resolution  spectroscopy  would  be  advantageous  in 
identifying  any  such  unusual  gamma  rays,  but  this  would  be  precluded  by  the  use  of  BGO 
scintillators.  In  order  to  insure  that  every  gamma-emission  event  observed  by  the  array 
contained  one  gamma  ray  having  a  precisely  determined  energy,  a  65%  relative 
efficiency  p-type  Ge  detector  was  coupled  instrumentally  to  the  BGO  crystals.  The  large- 
volume  Ge  detector  observed  the  sample  through  a  gap  between  BGO  detectors  along 
one  of  the  diagonals  of  a  cubic  support  structure. 

Figure  2  placement 

Use  of  a  p-type  crystal,  with  its  associated  thin  Al-end  window,  was  beneficial  for 
spectra  taken  under  irradiation  in  that  the  window  would  provide  filtering  of  any  incident 
radiation  near  1 0  keV  that  was  scattered  toward  the  detector.  Aluminum  windows  on  the 
BGO  crystal  housings  provided  similar  shielding,  minimizing  the  chance  of  pile  up 
between  scattered  synchrotron  radiation  and  gamma  rays. 

Figure  2  also  shows  the  placement  of  a  second  Ge  detector  (10%  efficiency  n- 
type)  and  an  x-ray  detector,  both  of  which  observed  the  sample  through  other  diagonals 
of  the  cube.  These  were  used  as  parts  of  independent  systems  to  obtain  a  separate  singles 
spectrum  (no  coincidence)  and  a  calibration  of  the  scattered  synchrotron  radiation  during 
exposures.  They  have  no  impact  on  the  characterization  of  the  miniball  system  and  are 
not  discussed  further. 

2.2  Instrumentation 

A  schematic  of  the  pulse-processing  instrumentation  for  the  miniball  is  given  in 
Fig.  3.  Once  data  acquisition  was  enabled,  recording  of  a  gamma-emission  event  was 
initiated  only  when  the  Ge  detector  observed  a  gamma  ray.  One  preamplifier  output  from 
the  Ge  detector  was  sent  to  an  Ortec  579  Fast  Filter  Amplifier  and  then  to  an  Ortec  583 
constant-fraction  (CF)  discriminator  to  provide  a  master  gate  channel.  The  ARC  method 
[23]  was  employed  with  this  discriminator  and  its  threshold  set  a  minimum  energy  for 
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recorded  gamma  rays  into  the  Ge  detector.  The  discriminator’s  NIM  output  was 
stretched  and  converted  to  TTL  by  a  Stanford  DG535  pulse  generator.  The  output  from 
the  pulse  generator  served  as  the  system  gate  and  its  width  and  delay  could  be  adjusted 
over  a  wide  range. 

Figure  3  placement 

High  voltage  to  the  Ge  detector  was  provided  using  a  standard  Ortec  module  that 
utilized  manual  front-panel  controls.  High  voltage  to  each  BGO’s  PMT  was  provided  by 
a  single  octal  NIM  module  from  Radiation  Technologies,  Inc.  that  was  computer 
controlled  and  allowed  remote  changes  on  the  order  of  a  few  volts. 

A  FERA7CAMAC  system  was  employed  to  record  spectroscopic  and  time 
information  from  the  detectors,  chosen  for  its  flexible  programmability  using  Sparrow’s 
KMaxNT  software  and  for  buffering  and  fast  transfer  of  data.  A  customized  toolsheet 
was  built  in  this  platform  to  control  data  acquisition,  including  operating  parameters  like 
ADC  thresholds,  data  word  sizes,  use  of  zero-suppression,  buffer  size,  etc.,  and  to 
monitor  individual  detector  energy  and  time  spectra  in  real-time.  The  FERA  hardware 
was  managed  by  a  CMC  203  driver  that  received  the  system  gate  and  distributed  it  to  two 
Ortec  AD413A  quad  8k  peak-sensing  ADC’s  and  a  Silena  4418/T  octal  TDC. 
Spectroscopic  pulses  from  the  Ge  detector  were  input  to  an  Ortec  672  linear  amplifier 
with  a  shaping  time  of  2  jLXS  and  its  unipolar  output  was  digitized  with  one  channel  of  an 
AD413A.  Output  from  the  BGO  PMT’s  was  routed  first  to  an  Ortec  CF8000  octal  CF 
discriminator.  A  buffered  spectroscopic  signal  was  available  from  each  CF8000  channel 
whereby  spectroscopic  signals  from  the  BGO  detectors  were  fed  to  separate  Ortec  672 
amplifiers  with  shaping  times  of  2  p.s.  The  bipolar  signals  from  these  amplifiers  were 
digitized  by  other  channels  of  the  AD413A’s  after  inversion,  which  provided  the  best 
linearity  and  resolution. 

Negative  NIM  signals  were  output  by  each  channel  of  the  CF8000  as  timing 
signals  when  the  incoming  PMT  pulses  exceeded  adjustable  thresholds.  These  timing 
signals  were  stretched  by  separate  channels  of  an  Ortec  GG8010  and  then  converted  to 
ECL  standard  signals  by  separate  channels  of  a  Phillips  7126  level  translator  prior  to 
being  input  to  the  TDC.  The  leading  edge  of  the  gate  distributed  by  the  driver  via  the 
FERA  bus  served  as  a  START  pulse  to  the  TDC  and  the  pulses  originating  from  BGO 
PMT’s  served  as  STOP  markers.  This  allowed  recording  of  the  relative  time  interval 
between  a  master  Ge  signal  and  those  from  each  individual  BGO  detector.  The  TDC 
provided  an  active  time  window  of  2.8-p.s  duration,  during  which  START-STOP  times 
were  logged  as  distributed  over  3840  channels  -  the  module  used  an  additional  256 
channels  for  sliding-scale  non-linearity  compensation.  The  resolution  of  the  TDC  was 
0.73  ns/channel,  considerably  shorter  than  the  inherent  time  resolution  obtainable  from 
the  Ge  and  BGO  detectors  after  pulse  processing,  being  both  on  the  order  of  tens  of  ns. 
Tire  temporal  relationships  between  the  gate,  spectroscopic  and  timing  pulses  are  shown 
in  Figs.  4  and  5. 

Figure  4  placement 
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Figure  5  placement 

Although  not  suitable  for  extended  discussion  herein,  it  is  worth  noting  that  while 
CAMAC  is  an  international  standard  this  is  not  the  case  for  the  FERA  system.  The  Fast 
Encoding  and  Readout  ADC  approach  was  developed  by  Lecroy  to  provide  data  transfers 
between  CAMAC  modules  at  rates  in  excess  of  that  supported  by  the  CAMAC 
backplane.  FERA  utilizes  ECL  signals  on  a  front-panel  bus  distributed  and  managed  by 
the  driver  module.  Via  handshakes  the  driver  receives  data  from  ADC’s  and  TDC’s  and 
assembles  these  separate  parameters  (data  pieces)  into  an  event,  then  buffers  many  events 
either  internally  or  in  a  separate  memory  module.  In  this  system,  when  the  internal  buffer 
was  Va  full,  a  Look  At  Me  (LAM)  was  sent  to  the  controlling  computer  to  cause  an  upload 
of  data.  FERA  handshake  protocols  are  not  fully  standardized,  therefore  the  amount  of 
effort  required  to  regularize  communications  between  the  driver  and  the  Ortec  and  Silena 
modules  should  not  go  unrecognized.  It  is  also  worth  noting  that  direct  observation  of 
signals  on  the  FERA  bus  destabilized  the  communications  between  driver  and  other 
modules,  an  impediment  to  this  regularization. 

An  absolute  time  for  each  event  was  assigned  with  20-ns  resolution  by  the 
CMC  203  CAMAC  driver  based  on  when  it  received  a  gate  relative  to  the  start  of 
acquisition.  Each  parameter  was  a  32-bit  word,  two  of  which  were  used  to  record  the 
absolute  event  time.  This  instrumental  resolution  was  far  better  than  that  supported  by 
the  detectors  themselves.  A  one-parameter  header  of  constant  digital  value  was  inserted 
at  the  beginning  of  each  event,  so  that  events  in  which  incomplete  handshakes  caused 
some  parameters  to  be  lost  by  the  driver  could  be  excluded  as  having  too  few  parameters. 
A  total  of  nineteen  32-bit  parameters  was  recorded  in  each  good  event  -  off-line  sorting 
of  the  data  sets  indicated  that  only  1  out  of  every  300  events  was  incomplete  and  such 
bad  events  were  discarded  off-line  prior  to  data  analysis. 

Zero-suppression  mode  was  not  employed  in  the  ADC’s  so  as  to  avoid  having 
events  of  varying  lengths.  Each  ADC  module  possessed  four  inputs  with  a  processing 
time  of  6  [xs  per  active  input  and  1.8  [xs  per  inactive  input.  Readout  of  the  ADC’s  to  the 
driver  was  found  experimentally  to  require  7.4  jxs  following  the  end  of  digitization.  The 
total  processing  time  for  the  ADC’s  could,  therefore,  vaiy  in  duration,  but  the  TDC 
introduced  a  fixed  deadtime  of  33  jxs  that  included  digitization  of  the  START-STOP 
delay  and  readout  of  the  module.  Output  of  additional  gates  from  the  DG535  was 
inhibited  for  a  period  chosen  at  50  (xs  to  avoid  the  possibility  of  interference  with 
processing  of  the  current  event. 

Proper  digitization  of  spectroscopic  and  TDC  STOP  signals  required  use  of  the 
GG8010  and  DG535  units  to  introduce  appropriate  delays  at  various  points  in  the 
different  channels.  These  modules  also  allowed  matching  of  pulse  widths  to  the  demands 
of  subsequent  units  in  the  data  streams.  For  example,  the  Ge  spectroscopic  pulse  was 
input  into  a  linear  amplifier  set  for  triangular  shaping  with  a  2-|xs  time  constant.  This 
shaping  time  had  the  added  effect  of  introducing  a  delay  of  5  |xs  between  the  peak  of  the 
initial  pulse  from  the  Ge  preamplifier  and  the  amplified  pulse.  The  output  of  the  DG535, 
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serving  as  the  system  gate,  was  delayed  and  its  width  set  to  insure  full  digitization  of  the 
spectroscopic  pulse  by  the  ADC. 

The  use  of  preamplifiers  for  the  BGO  signals  was  considered,  but  rejected  due  to 
the  inability  to  maintain  a  sufficiently  fast  risetime  with  available  units.  The  PMT 
outputs  were  input  directly  into  the  CF8000,  which  produced  both  time  marks  and 
buffered  spectroscopic  signals.  Tests  showed  that  the  best  resolution  for  a  BGO  crystal 
was  obtained  by  using  the  bipolar  amplifier  outputs  and  triangular  shaping.  The  resulting 
resolution  was  found  to  be  8%  for  the  60Co  1332  keV  peak,  as  shown  in  Fig.  6.  Proper 
digitization  of  peak  heights  by  the  ADC’s  required  those  peaks  to  not  occur  within  1  (is 
of  the  start  or  end  of  the  gate.  A  gate  duration  of  5  |xs  was  utilized  to  meet  this  condition 
based  on  the  delays  and  widths  of  the  spectroscopic  pulses  for  the  Ge  and  BGO  channels. 

Figure  6  placement 

As  mentioned  previously,  timing  pulses  from  the  CF8000  were  stretched,  delayed 
and  converted  to  ECL  as  needed  for  proper  digitization  by  the  TDC.  Valid  STOP  signals 
had  to  reach  the  TDC  during  its  2.8-|J,s  active  period  that  began  with  the  leading  edge  of 
the  gate.  Lack  of  a  valid  STOP  pulse  to  the  TDC  during  the  active  period  was  recorded 
as  an  increment  of  one  count  within  the  sliding-scale  region.  Invalid  STOPs  occurred  for 
several  reasons,  as  discussed  later.  The  delays  were  selected  so  that  true  coincidence 
STOPS  appeared  at  roughly  channel  1500  for  each  TDC  input  by  obtaining  coincidence 
curves  using  the  histogramming  feature  of  the  Tektronix  TDS-5104  1-GHz  digital 
oscilloscope.  Figure  5  shows  a  scope  trace  displaying  the  gate  and  STOP  pulses  from  a 
single  BGO,  generated  with  a  60Co  source.  Also  shown  in  the  figure  is  a  histogram  of  the 
numbers  of  STOP  pulses  occurring  as  a  function  of  time.  The  delay  for  this  STOP  stream 
was  set  so  that  coincidence  between  gamma  rays  entering  the  Ge  (START)  and  this  BGO 
produced  a  time  marker  within  the  gate. 

Off-line  sorting  of  data  sets  to  extract  singles  or  higher- fold  spectra  for  any 
detector  or  combination  of  detectors  was  accomplished  using  an  in-house  software  suite 
that  was  custom  designed  [24]  for  the  miniball  system.  The  software  allowed  sorting 
based  on  energy  and  timing  parameters  for  each  detector  and  determination  of  summed 
energy  and  detected  fold  from  the  BGO  crystals. 

Standard  calibration  sources  were  used  to  assess  the  basic  performance  of  the 
miniball  system  as  was  done  in  earlier  stages  of  its  development  [15].  Because  the 
spontaneous  decay  of  1  Xm2Hf  has  been  extensively  characterized  [22]  and  because  the 
eventual  aim  was  to  perform  trigger  studies  in  subsequent  experiments  [19],  it  was 
decided  to  perform  efficiency  calibrations  using  a  mixed  l78m2Hf/l72Hf  sample.  This 
approach  benefited  from  the  number  and  distribution  of  gamma  lines,  and  the  available 
coincidence. 

One  particular  test  with  a  standard  calibration  source  was  particularly  valuable.  A 

137 

Cs  source  was  employed  to  investigate  the  possibility  of  Compton  scattering  in  one 
detector  causing  coincident  events  in  other  detectors.  Discriminator  thresholds  in  the 
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miniball  instrumentation  eliminated  x  rays  from  recorded  events,  so  that  only  random 
coincidences  should  have  been  in  evidence  from  this  single-line  source.  Figure  7a  shows 
a  time  spectrum  obtained  for  one  BGO  crystal.  A  small  coincidence  peak  was  seen  and 
interpreted  as  being  due  to  Compton  cross-talk  between  the  Ge  and  that  BGO.  Such 
cross-talk  could  occur  between  any  detectors.  A  1-mm  Pb  wrap  was  applied  around  the 
BGO  crystals  as  they  extended  within  the  cubic  support  structure,  resulting  in  the  time 
spectaim  shown  in  Fig.  7b  in  which  this  cross-talk  was  eliminated.  It  should  be  noted 
that  no  filters  were  applied  to  the  faces  of  any  of  the  detectors,  other  than  the  thin  A1 
detector  housings. 

Figure  7  placement 

3.  Characterization  using  ,78m2Hf  decay 

3.1  Sample  composition  and  configuration 

The  miniball  performance  was  principally  characterized  by  gamma  rays  emitted 
in  spontaneous  decays  within  a  mixed  178m2Hf/l72Hf  source.  This  characterization  was 
chosen,  as  mentioned  above,  to  serve  as  the  foundation  for  experiments  conducted 
specifically  to  search  for  evidence  of  prompt  induced  energy  release  during  subsequent 
irradiations  with  synchrotron  radiation. 

Figure  8  shows  a  photograph  of  the  sample  employed  in  this  work,  attached  to  a 
positioning  arm.  The  mechanical  construction  of  the  sample  consisted  of  an  A1  frame 
that  held  together  two  1-mm  thick  Be  disks.  The  hafnium  material  was  deposited  by 
evaporation  on  one  Be  disk  and  occupied  a  roughly  circular  spot  near  the  center  of  that 
disk.T  The  details  of  the  distribution  are  not  important  for  the  present  discussion,  other 
than  the  fact  that  the  radioactive  Hf  did  not  constitute  a  point  source.  The  active  content 
included  0.37  frCi  of  l78m2Hf  (2.0  x  1013  nuclei  or  5.79  ng)  and  0.29  uCi  of  l72Hf 
(9.3  x  101 1  nuclei  or  0.26  ng)  at  the  time  of  the  tests  in  June  2004.  It  has  been  estimated 
[25]  that  the  total  hafnium  content  was  approximately  2,500*  that  of  the  active  I78m2Hf 
material,  which  was  produced  by  proton  spallation  [26].  The  isomer-to-ground-state  ratio 
for  178Hf  in  the  sample  was  also  estimated  [25]  to  be  about  1 :500.  The  sample  was  held 
within  the  miniball  in  the  central  cavity  formed  by  the  faces  of  the  BGO  crystals  using 
the  aluminum  positioning  arm  that  extended  through  one  of  the  half  diagonals  of  the 
cubic  support  structure.  One  full  diagonal  of  the  cube  was  reserved  as  the  entrance  and 
exit  channels  for  synchrotron  radiation.  The  large  Ge  detector  coupled  to  the  BGOs,  an 
independent  small  Ge  and  an  x-ray  detector  utilized  separate  half  diagonals  as  viewing 
ports.  The  positioning  arm  was  affixed  outside  the  miniball  structure  to  a  translation 
table  so  that  the  sample  could  be  moved  remotely  in  a  vertical  plane.  The  orientation  of 


'  The  distribution  of  hafnium  material  within  the  deposit  was  determined  by  passing  a  narrow 
(0.5  mm  x  0.5  mm)  beam  of  monochromatized  synchrotron  radiation  set  to  the  Lj  edge  of  Hf  through  the 
opening  in  the  A1  sample  frame.  Transmission  of  the  radiation  was  recorded  by  pre-  and  post-sample 
ionizatio  n  chambers  as  a  function  of  sample  position  as  it  was  raster-scanned  across  the  fixed  beam  axis, 
(This  procedure  is  discussed  in  detail  in  a  forthcoming  manuscript  on  searches  for  prompt  triggered  gamma 
emission.) 
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the  sample  was  determined  by  the  eventual  need  to  irradiate  the  largest  possible  area  of 
the  hafnium  deposit  with  a  beam  spot  of  smaller  dimensions. 

Figure  8  placement 

3.2  Singles  spectra,  timing  and  detector  efficiencies 

Gamma  radiation  emitted  due  to  natural  decay  of  17Sm2Hf  and  I72Hf  within  the 
mixed  sample  was  recorded  by  the  miniball  system  for  a  period  of  about  74  hours.  At 
regular  intervals  of  about  12  hours,  the  small  dewar  on  the  Ge  detector  was  filled  and 
data  acquisition  was  halted  for  this  period.  The  BGO  PMTs  were  gain  matched  after 
each  fill  by  minor  adjustments  to  their  operating  voltages  via  software  control.  The  Ge 
detector  evidenced  no  gain  drift  and  its  voltage  was  maintained  throughout  the 
measurement.  The  data  set  consisted  of  6,831  3.5-MB  files,  each  containing  about 
48,000  recorded  events,  from  which  a  singles  Ge  spectrum  was  extracted  as  shown  in 
Fig.  9.  This  was  accomplished  by  first  removing  events  of  incorrect  length,  i.e.  wrong 
number  of  parameters,  which  comprised  about  0.3%  of  the  data.  Then  the  data  was 
sorted  without  imposition  of  any  conditions  on  coincidence  between  the  Ge  and  BGO 
detectors  or  on  detector  pulse  heights.  The  inset  in  the  figure  shows  an  expanded  section 
of  the  spectrum  that  contains  the  doublet  of  lines  at  213  keV  and  217  keV  that  occur  in 
the  spontaneous  decay  of  I78m2Hfi  The  latter  of  these  lines  comes  from  the  9"  ->  8" 
transition  just  above  the  ml  isomer  while  the  former  originates  with  the  4+  ->  2+ 
transition  in  the  ground-state  band  (see  Fig.  1).  The  doublet  is  well-separated,  indicating 
excellent  performance  for  spectroscopy  with  this  detector  and  confirming  no  measurable 
gain  shift.  All  peaks  in  the  spectrum  were  positively  identified  as  corresponding  to 
gamma  rays  from  spontaneous  decay  of  I78m2FIf,  l72Hf  and  its  daughters,  and  natural 
background.  The  total  event  rate  in  the  Ge  was  1 .2  kHz  and  deadtime  resulting  from  this 
rate  was  on  the  order  of  6%. 

Figure  9  placement 

An  initial  question  was  the  degree  to  which  the  efficiency  of  the  large-volume  Ge 
detector  was  influenced  by  the  small  gap  through  which  it  viewed  the  central  cavity  of 
the  miniball.  The  restricted  view  was  due  to  the  BGO  crystals  and  their  Pb  wraps  and 
would  partially  shield  the  sample  from  view  by  the  Ge  detector.  It  was  not  possible  to 
test  this  in  the  beamline  hutch,  so  data  were  taken  at  Youngstown  State  University.  Ge 
singles  spectra  were  extracted  from  miniball  data  obtained  using  the  hafnium  source  in 
two  different  geometric  configurations:  first,  with  the  BGOs  and  Pb  wraps  in  place  and, 
second,  with  those  BGOs  and  wraps  removed  which  would  otherwise  have  restricted  the 
view  of  the  Ge  detector.  Figure  10a  shows  the  “direct”  efficiencies  obtained  from  these 
measurements  using  the  standard  form 

N,-  =  A  TM  ,  (1) 

where  N,  is  the  number  of  counts  contained  within  a  given  full-energy  Ge  peak,  A  is  the 
sample  activity,  T  is  the  acquisition  live  time,/  is  the  fraction  of  decay  events  that  emit  yi 
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and  £j  is  the  full-energy  peak  efficiency  for  detection  of  the  specific  gamma  ray.  The  f, 
values  used  in  Eq.  (1)  were  obtained  from  the  ENSDF  [2]  as  listed  in  Appendix  A  and 
peak  fits  were  obtained  using  the  commercial  FitzPeaks  program  [27].  The  effect  of  the 
gap  between  BGO  crystals  was  to  suppress  the  overall  efficiency,  but  less  so  at  higher 
gamma-ray  energies  where  the  cross  section  for  photoelectric  interactions  decreases. 
Gamma  rays  entered  only  the  central  section  of  the  Ge  crystal  and  Compton-scattered 
photons  therefrom  had  other  opportunities  to  interact  in  the  outer  part  of  the  detector. 
This  produced  the  flattened  efficiency  curve  shown  in  Fig.  10a  when  all  BGO  and  wraps 
were  in-place.  Figure  10b  shows  the  actual  Ge  efficiency  curve  from  data  obtained  at 
SPring-8,  being  about  0.35%  near  1  MeV. 

Figure  10  placement 

It  was  possible  to  provide  an  additional  verification  of  the  magnitude  of  the  direct 
efficiency  values.  The  method  described  in  Appendix  B  was  employed  to  obtain 
efficiencies  based  on  the  relationship  between  the  number  of  counts  in  individual  full- 
energy  peaks  and  corresponding  sum  peaks  appearing  in  the  singles  spectrum. 
Efficiencies  determined  in  this  way  for  specific  pairs  of  gamma-ray  energies  are  also 
plotted  in  Fig.  10b.  It  was  not  necessary  for  full-energy  peaks  in  the  Ge  singles  spectrum 
to  be  corrected  for  summing  losses  due  to  the  small  relative  magnitude  of  this  effect.  The 
situation  was  different  for  the  scintillators,  as  discussed  below,  which  were  closer  to  the 
sample  and  therefore  had  higher  detection  efficiencies. 

Singles  spectra  were  also  extracted  for  each  BGO  detector  and  one  example  is 
shown  in  Fig.  11.  Again,  no  sorting  conditions  were  imposed  on  the  data,  but  the 
instrumentation  required  coincidence  with  a  count  from  the  Ge  detector.  The  largest 
peaks  in  the  spectrum  were  identified  with  intense  gamma  rays  from  M  1,2 I  lf  and  IT2Hf 
decays.  The  spectrum  excludes  the  low-energy  part  of  the  89/93-keV  doublet  due  to  the 
minimum  thresholds  in  the  CF  discriminator.  Clearly,  spectroscopy  with  the  BGO  was 
severely  inhibited  due  to  the  wide  peaks,  particularly  for  the  many  overlapping  lines  from 
the  hafnium  source.  This  same  difficulty  was  found  when  attempting  to  determine  the 
BGO  efficiency  using  multi-line  calibration  sources  such  as  I52Eu.  In  no  case  could 
FitzPeaks  provide  meaningful  fits  for  BGO  spectra,  but  the  well-known  TV  program  [28] 
was  able  to  provide  accurate  fits  for  singlets,  with  systematic  errors  on  the  order  of  5%  or 
less  for  sources  such  as  i09Cd  or  137Cs.  It  was  also  possible  to  obtain  reasonable  fits  for 
the  lines  from  60Co  which  were  sufficiently  resolved  (see  Fig.  6)  and  the  efficiency  for 
gamma-ray  detection  at  1 ,332  keV  in  a  single  BGO  crystal  was  about  ]  %.  The  paucity  of 
points  from  single-line  sources  did  not  provide  a  suitable  efficiency  calibration  over  a 
wide  range  of  energies,  so  a  different  procedure  was  employed. 

Figure  1 1  placement 

A  time  spectrum  obtained  from  a  single  BGO  detector  is  shown  in  Figure  12, 
extracted  from  the  full  data  set.  A  START  signal  opened  an  active  interval  for  the  TDC 
such  that  STOP  pulses  occurring  during  this  interval  were  distributed  throughout  the 
spectrum,  as  discussed  above.  Events  in  which  a)  no  gamma  ray  entered  the  BGO 
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crystal,  b)  no  STOP  pulse  was  generated  because  its  energy  was  below  the  discriminator 
threshold,  or  c)  a  STOP  pulse  was  generated  too  late  for  the  active  window,  were 
recorded  in  the  sliding-scale  section.  Delays  in  the  timing  channels  placed  coincidence 
between  Ge  and  BGO  detectors  at  roughly  the  center  of  the  active  range.  The  shape  of 
the  coincidence  curve  in  the  figure  indicated  walk  from  low-energy  pulses  in  the  Ge 
channel  as  the  origin  of  the  shoulder  to  the  left  of  the  main  coincidence  peak.  The 
smaller  shoulder  to  the  right  was  due  to  walk  in  the  BGO  channel.  The  full  width  of  the 
narrow  coincidence  peak  was  70  channels,  corresponding  to  a  resolving  time  of  51  ns. 
Based  on  the  constant  level  of  background  far  from  the  narrow  peak,  0.72%  of  the  counts 
within  the  70-channel  width  corresponded  to  random  coincidences  with  respect  to  the  Ge 
START.  Taking  a  larger  width  of  700  channels  ensured  inclusion  of  true  coincidences 
with  walk  of  either  START  or  STOP  signals  and  of  those  counts  only  2.7%  were  due  to 
random  coincidences.  Herein,  a  full  sorting  width  of  700  channels  was  employed,  but  the 
effective  resolving  time  for  true  coincidences  was  still  on  the  order  of  50  ns. 

Figure  12  placement 


Figure  13  shows  a  part  of  the  y-y  (“doubles”)  spectrum  for  the  Ge  and  one  specific 
BGO,  extracted  from  the  data  set  under  the  condition  of  coincidence  as  discussed  above. 
While  singles  spectra  (like  that  of  Fig.  11)  were  too  complex  for  fitting,  projections  of 
specific  ranges  in  the  y-y  data  allowed  analysis  using  TV.  Software  gates  (called  cuts  in 
TV)  were  made  using  this  software, *  such  as  the  one  shown  in  Fig.  13  around  the  495- 
keV  peak  in  the  Ge  projection.  The  BGO  projection  for  this  cut  therefore  contained 
coincident  photopeaks  and  Compton  events  originating  in  the  ml  band  of  Fig.  1,  and 
random  coincidences.  BGO  spectra  obtained  from  different  cuts  were  quite  sparse 
compared  with  a  full  projection  and  fits  to  the  broad  peaks  were  performed  using  the 
known  energies  of  gamma  rays  emitted  in  l78m2Hf  and  l72Hf  decays.  Figure  14  shows 
two  BGO  spectra  corresponding  to  cuts  on  495-keV  and  325-keV  lines  in  the  Ge 
projection. 

Figure  13  placement 

Figure  14  placement 

Efficiency  values  for  gamma  rays  detected  by  a  BGO  and  in  coincidence  with  the 
Ge  detector  were  obtained  using  the  peak  fits  from  cut  spectra  and  are  plotted  in  Fig.  1 5a. 
Considering  a  BGO  spectrum  that  resulted  from  a  specific  Ge  cut  around  Yi,  the  number 
of  counts  Njj  in  a  full-energy  peak  therein  was  given  by 


V  =  A 


(2) 


1  Many  other  spectrum  analysis  programs  were  available,  including  the  powerful  Radvvarc  suite.  The 
mini  ball  system  produces  asymmetric  data  from  the  different  detector  types  and  so  TV  was  chosen  as  being 
best  suited  to  this  application. 
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where  Nj  corresponds  to  the  value  in  Eq.  (1)  provided  that  the  cut  process  included 
standard  background  subtraction  using  channels  in  the  continuum  to  the  right  and  left  of 
the  Ge  peak  foryj.  The  £j  denotes  the  efficiency  for  detection  of  a  specific  y  in  the  BGO 
in  coincidence  with  the  given  y\  on  which  the  cut  was  made  in  the  Ge  projection.  The 
factor^; |;  is  the  fraction  of  decay  events  that  emit  the  particular  y  provided  that  ji  was  also 
emitted  (see  Appendix  A).  A  cut  taken  on  the  Ge  213-keV  line  provided  BGO 
efficiencies  for  the  coincident  325-keV  and  426-keV  lines.  Likewise,  a  cut  on  the  Ge 
426-keV  line  provided  BGO  efficiencies  for  213  keV  and  325  keV.  Thus,  cross-checking 
was  performed  between  efficiency  values  at  each  specific  energy  obtained  using  different 
cuts.  It  is  worth  noting  that  cut  spectra  corresponding  to  the  ground  state  band  did  not 
include  full-energy  gamma-ray  peaks  at  89  keV  and  93  keV  from  the  8'  ->  8+  and 

2+  0+  transitions,  respectively,  or  from  X  rays  following  electron  conversion.  This  was 

due  to  the  small  size  of  the  corresponding  unamplified  BGO  signals  which  were  below 
the  minimum  discriminator  thresholds.  Nevertheless,  the  spectra  evidenced  summations 
between  these  gamma  rays  and  the  main  features  at  213  keV,  325  keV  and  426  keV. 
Also,  summations  appeared  between  X  rays  emitted  following  conversion  of  the  89-  and 
93-keV  transitions  and  the  main  gamma  lines.  These  sum  events  result  from  triple 
coincidences  in  which  y,  enters  the  Ge  detector  and  both  y  and  y^  enter  a  single  BGO 
crystal.  To  determine  the  direct  efficiencies  from  Eq.  (2),  counts  in  identifiable  sum 
peaks  within  the  BGO  singles  spectrum  were  added  to  the  full-energy  counts  of 
individual  gamma  rays.  The  resulting  efficiencies  reflected  values  for  hypothetical 
single-lines  sources. 

Figure  15  placement 

Efficiency  values  were  also  determined  based  on  the  relationship  between 
individual  and  sum  peaks  using  the  method  of  Appendix  B.  Despite  their  larger 
statistical  errors,  their  magnitudes  confirm  the  direct  efficiencies  as  shown  in  Fig.  15a. 
Systematic  errors  in  fitting  of  the  broad  BGO  peaks  are  not  shown,  but  were  estimated  to 
be  on  the  order  of  10%. 

Each  scintillator  evidenced  a  unique  efficiency  curve,  as  expected.  The  principal 
causes  were  that  each  detector  lay  at  a  slightly  different  spacing  from  the  sample  and  that 
self-absorption  was  different  for  each  specific  sample  orientation  relative  to  a  given 
detector.  In  one  case,  the  CF8000  threshold  was  obviously  lower,  enhancing  the 
efficiency  for  low-energy  gamma,  rays  recorded  from  that  BGO.  For  the  following 
analysis,  an  averaged  efficiency  was  determined  as  shown  in  Fig.  15b  to  represent  the 
canonical  single  BGO  response. 

3.3  Physical  multiplicity  and  detected  fold 

The  miniball  system  was  designed  to  perform  time-resolved  calorimetry  for 
gamma-ray  cascades  resulting  from  natural  decay  of  I78m2Hf  and  from  possible  prompt 
induced  energy  release.  Figure  16  shows  bi-dimensional  plots  of  the  Ge  energy  vs.  the 
summed  energy  from  the  scintillators  for  different  values  of  detected  coincidence  fold. 
Every  event  records  at  least  one  gamma  ray,  from  the  Ge  crystal,  so  the  total  detected 
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fold  is  designated  as  1  +  F,  where  F  is  the  detected  fold  from  the  six  BGO  detectors. 
Sorting  was  performed  as  described  above  with  F  being  the  number  of  BGO’s  that 
produced  a  valid  STOP  pulse  within  the  respective  coincidence  period  of  the  individual 
detector.  The  summed  gamma-ray  energy  registered  from  the  BGO  detectors  was  then 
obtained  by  adding  the  individual  spectroscopic  data  from  the  separate  scintillators. 

Each  natural  decay  of  l78m2Hf  produces  (see  Fig.  1)  two  gamma-ray  bursts  from 
cascades  separated  by  the  4-s  ml  isomer.  Only  a  single  cascade  occurs  below  that 
isomer,  releasing  a  total  energy  of  1,147  keV  and  possessing  a  physical  multiplicity  of 
five.  However,  the  93-keV  transition  is  strongly  converted  (flfo  =  4.74)  and  it  and  the  89- 
keV  transition  are  suppressed  in  the  BGO  spectra  due  to  the  discriminator  levels.  This 
means  that  the  effective  physical  multiplicity  is  reduced  to  three  unless  the  89-keV  or  93- 
keV  gamma  rays  register  in  the  Ge  detector.  The  effective  triplet  cascade  then  contains 
the  21 3-,  325-  and  426-keV  transitions  for  a  total  energy  of  964  keV.  The  cascade  above 
the  4-s  isomer  releases  1,298.7  keV  and  contains  a  number  of  branches,  so  that  the 
physical  multiplicity  ranges  from  4-6.  The  first  step  of  the  decay,  the  16+  ->  13' 
transition  at  12.7  keV,  is  completely  converted  with  0112.7=  1.39><107  so  the  effective 
physical  multiplicity  ranges  from  3-5.  Tire  most  intense  branch  (70.7%)  occurs  through 
the  574-,  495-  and  217-keV  transitions  with  a  physical  multiplicity  of  three  (53.1%  for 
the  gamma-ray  triplet).  All  gamma-ray  triplets  contribute  a  total  of  72.2%. 

Figure  16  placement  (full  page  for  a-i) 

Decay  of  l72Hf  nuclei  in  the  sample  produces  gamma  rays  emitted  in  many 
different  branched  cascades  from  transitions  in  Lu  and  “Yb.  From  the  established 
nuclear  data  [2],  on  the  order  of  30  cascades  correspond  to  a  physical  multiplicity  of  two, 
on  the  order  of  140  cascades  correspond  to  a  physical  multiplicity  of  three  and  on  the 
order  of  360  cascades  correspond  to  a  physical  multiplicity  of  four.  Higher  multiplicity 
cascades  are  also  possible.  Decays  of  l72Hf  and  l72Lu  can  lead  to  different  daughter 
levels,  so  cascades  of  identical  physical  multiplicity  may  represent  various  total  energies 
released  by  the  gamma-ray  transitions.  Despite  the  complexity  of  cascades  following 
l72Hf  decay,  a  physical  multiplicity  of  three  represents  a  major  component. 

For  a  given  physical  multiplicity,  the  frequency  with  which  a  given  detected  fold 
F  would  occur  could  be  modeled  using  a  simple  Monte  Carlo  code.  Figure  17a  shows  a 
histogram  of  the  calculated  detected  fold  F  assuming  an  energy  of  250  keV  (thus  a  BGO 
photopeak  efficiency  of  5.4%)  for  all  gammas  in  the  cascade  and  a  physical  multiplicity 
of  three.  In  this  idealized  case,  the  detected  folds  appear  in  the  absolute  intensities  listed 
in  Table  1  and  plotted  in  Fig.  17a.  Also  given  are  measured  total  counts  within  bi- 
dimensional  Ge  vs.  summed  BGO  spectra  for  different  coincident  folds.  The  general 
agreement  between  measured  and  calculated  intensities  for  different  folds  is  surprisingly 
good,  considering  that  the  spectra  contained  contributions  from  different  physical 
multiplicities.  Another  factor  that  reduced  the  accuracy  of  the  calculation  was  that  some 
coincidence  counts  in  a  BGO  in  coincidence  were  due  to  Compton  rather  than  photopeak 
interactions.  Some  gamma  rays  reaching  a  BGO  in  coincidence  did  not  provide  a  valid 
STOP  pulse  due  to  their  pulse  height  so  that  those  events  were  recorded  as  having  a 
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detected  fold  of  F  -  1  rather  than  F.  This  was  also  the  case  when  coincident  summing 
occurred  within  a  single  BGO.  For  prompt  triggered  gamma  emission,  the  physical 
multiplicity  will  be  on  the  order  of  eight  so  that  the  anticipated  distribution  of  detected 
folds  will  be  that  of  Fig.  17b. 

Figure  17  placement 

Table  1  placement 

3.4  Calorimetry 

The  spectrum  of  Fig.  16a,  with  expanded  section  in  Fig.  16b,  shows  data  for  a 
detected  fold  of  1  +  1  (Ge  +  any  one  BGO§)  and  contains  numerous  paired  gamma-ray 
peaks.  In  the  case  of  l78m2Hf  decay  in  the  cascade  below  the  ml  isomer,  detection  of  213 
keV  in  the  Ge  coincident  with  detection  of  325  keV  in  one  BGO  provides  a  peak  while 
the  converse  (325  keV  in  the  Ge,  213  keV  in  the  BGO)  provides  its  partner.  A  line  drawn 
in  Fig.  16a  connecting  these  two  peaks  represents  a  locus  of  constant  total  deposited 
energy  at  538  keV.  This  is  significantly  less  than  the  total  cascade  energy  since  the 
physical  multiplicity  is  five  and  the  detected  fold  is  only  1  +  1.  Examination  of  the  1  +  2 
spectrum  of  Fig.  16c,  with  expanded  section  in  Fig.  16d,  shows  two  loci  of  y-y-y  peaks 
corresponding  to  deposited  energies  of  964  keV  and  1,286  keV,  representing  nearly  the 
full  l78mlHf  ->  l78gHf  and  178m2Hf  ->  l78mlHf  cascades,  respectively. 

The  1  +3  spectrum  of  Figs.  16d  and  16e  also  evidences  a  locus  of  1,286  keV 
from  several  cascade  branches  with  physical  multiplicity  of  four  above  I78mlHf,  while  one 
peak  is  seen  that  corresponds  to  decay  of  l78mlHf  to  the  ground  state  with  summed  energy 
of  1,057  keV.  The  latter  peak  is  actually  a  doublet  of  89-keV  and  93-keV  lines  in  the  Ge 
detector  from  events  of  physical  multiplicity  of  four  in  the  ground-state  band.  The  peak 
corresponding  to  93  keV  in  the  Ge  detector  is  smaller  since  the  transition  is  heavily 
converted.  No  other  peaks  from  the  ground  state  band  can  appear  with  such  high 
detected  fold  since  the  89-keV  and  93-keV  peaks  were  suppressed  from  the  BGO 
detectors  due  to  discriminator  thresholds. 

In  addition  to  features  identified  with  l78m2Hf,  loci  of  constant  summed  energy 
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appear  in  the  spectra  from  cascades  following  Hf  decay.  For  a  detected  fold  of  1  +  1  in 
Figs.  16a  and  16b,  paired  peaks  appear  from  900-keV  and  1,093-keV  transitions,  giving  a 
summed  energy  of  1 ,993  keV.  Many  other  peaks  from  l72Hf  decay  contribute  to  the  1  +  1 
spectrum,  although  in  some  instances  both  partners  do  not  appear.  This  occurs  when  the 
energy  of  one  of  the  gamma  rays  is  too  low  to  register  in  the  BGO  spectrum.  For  any 
detected  fold,  different  summed  energy  loci  exist  from  the  numerous  decay  branches. 
Gamma-ray  cascades  in  l72Lu  have  summed  energies  less  than  240  keV.  Summed 
energies  of  172Yb  cascades  reach  as  high  as  2,343  keV  (2.57%)  after  decay  of  l72Lu,  with 
a  total  of  9.59%  exceeding  2,200  keV. 


*  This  differs  from  Fig  13  which  shows  doubles  data  between  the  Ge  and  one  specific  BGO,  but  without 
restrictions  on  what  is  recorded  by  the  other  BGO  scintillators.  Figure  16a  contains  doubles  between  the 
Ge  and  any  BGO  for  the  case  that  exactly  one  of  the  BGO  registers  a  coincident  gamma  ray. 
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If  claims  of  prompt  triggered  gamma  emission  from  178m2Hf  are  correct,  then  the 
summed  energy  in  an  induced  cascade  would  be  about  (2,446  +  10)  keV.  The  data  shown 
in  Fig.  16  evidenced  no  locus  of  coincident  peaks  at  this  summed  energy  and  indeed  none 
should  occur  for  natural  decays  of  the  hafnium  species  in  the  sample.  Figure  16g  shows  a 
1  +  4  spectrum  with  coincidence  again  determined  by  the  wide  (700-channel)  time  sort. 
The  counts  are  quite  low  and  distributed  over  a  range  of  energies  in  the  BGO  dimension, 
suggesting  a  number  of  unresolved  gamma-ray  peaks.  This  is  consistent  with  the 
numerous  cascades  of  physical  multiplicity  five  that  occur  in  1?2Hf  decay.  The  largest 
summed  energy  from  these  distributed  counts  would  be  about  2,300  keV.  It  is  interesting 
in  Fig.  16g  that  the  energies  of  coincident  gamma  rays  from  the  Ge  detector  are  those 
resulting  from  178m2Hf  decay.  Thus,  these  counts  appear  to  be  due  to  random 
coincidences  between  decays  from  the  different  hafnium  species.  Figure  16h  shows  a 
1  +4  spectrum,  but  sorted  on  the  narrow  coincidence  peak  of  Fig.  12  that  contains  a 
smaller  fraction  of  random  events.  The  number  of  counts  is  greatly  reduced,  as  expected 
if  random  coincidences  were  the  source  of  events  in  Fig.  16g.  Random  coincidences  at  a 
quite  low  level  continue  to  appear  for  higher  detected  folds,  such  as  F  —  5  in  Fig.  16i 
(wide  time  sort).  A  narrow  time  sort  on  F  =  5  and  wide  and  narrow  sorts  for  F  =  6 
exhibit  widely-scattered  single  events  with  total  spectral  counts  of  53,  38  and  0, 
respectively. 

In  the  subsequent  experiment  to  examine  gamma  emission  during  irradiation  with 
synchrotron  radiation  [19],  it  would  be  desired  to  determine  the  cross  section  for  any 
prompt  triggered  events.  It  is  possible  to  foresee  two  possible  outcomes  from  this 
experiment: 

1.  Sufficient  prompt  induced  gamma  emission  will  occur  so  that 
identifiable  peaks  will  appear  in  bi-dimensional  Ge  vs.  summed- 
BGO  spectra,  or 

2.  Insufficient  prompt  induced  gamma  emission  will  occur  to  produce 
identifiable  peaks  in  bi-dimensional  spectra  and  only  scattered 
background  counts  appear. 

In  the  first  case,  cuts  in  the  1  +  F  spectra  could  be  taken  and  the  resulting  peaks  fitted  in 
the  summed-energy  BGO  projections.  This  would  determine  the  measured  rates  for 
detection  of  specific  yl+F  events  and  the  placement  of  peaks  along  a  locus  of  constant 
total  deposited  energy  would  allow  the  individual  gamma-ray  energies  to  be  deduced. 
The  reaction  rate  for  induced  events  could  then  be  determined  from  the  detection  rate  of 
each  peak  by  using  the  measured  efficiencies  for  the  different  detectors  at  the  appropriate 
energies  and  by  assuming  some  value  for  f  of  the  specific  y1^  cascade.  An  assumption  of 
/  -  1  would  be  reasonable  for  any  prompt  cascade  through  the  ground-state  band  since 
there  would  be  no  branching  and  only  a  few  transitions  would  be  significantly  converted. 
The  cross  section  for  prompt  induced  gamma  emission  would  finally  be  deduced  from  the 
reaction  rate,  the  number  of  target  l78rT^Hf  nuclei  and  the  incident  photon  flux. 
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To  validate  this  approach,  it  was  applied  to  various  1  +  F  bi-dimensional  spectra 
to  find  the  l78m2Hf  activity.  The  fitted  counts  within  a  peak  resulting  from  a  coincidence 
of  1  +  F  gamma  rays  was  obtained  using  the  TV  program  as  N(i+f)  where  y,  enters  the  Ge 
detector  and  yj,  Yk,  etc.  enter  the  BGO  scintillators.  The  peak  counts  are  given 
approximately  by 
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where  the  probabilities  for  photopeak  detection  of  the  gamma  rays  are  f,  (Ge)  and  £h  etc. 
(BGO).  The  rate  at  which  emission-causing  events  occur  is  R  and  the  measurement  live 
time  is  T.  Equation  (3)  represents  the  detection  of  (1  +  F)  gamma  rays  for  which  the  joint 
emission  probability  is  f(i+p)  (see  Appendix  A).  The  combinatorial  factor  gives  the 
chance  of  detection  of  F  distinct  gamma  rays  in  the  six  BGO  scintillators.  Should  the 
physical  multiplicity  M be  larger  than  (1  +  F),  Eq.  (3)  must  exclude  the  possibility  that 
additional  gamma  rays  enter  any  detector,  in  which  case  either  the  detected  fold  would 
have  been  different  or  a  different  total  deposited  energy  would  have  arisen  in  the  bi- 
dimensional  spectrum.  The  latter  case  reflects  coincidence  summing  (see  Appendix  B) 
and  can  occur  in  the  Ge  as  well  as  the  scintillators.  The  Ge  efficiency  is,  however,  much 
smaller  at  a  given  energy  than  the  BGO  values  and  their  uncertainties,  and  is  therefore 
neglected  in  the  final  product  within  Eq.  (3).  In  that  term,  fp\(i+F)  is  the  joint  probability 
that  a  specific  additional  gamma  ray  is  emitted  given  that  the  (1  +F)  photopeak  gamma 
rays  were  emitted. 

When  applied  to  peaks  corresponding  to  natural  decays  of  l78m2Hf,  the  rate  R 
represents  the  sample  activity.  Using  Eq.  (3),  the  l78mlHf  ->  l78gHf  cascade  in  1  +  1 
(Fig.  16a  and  16b),  1  +  2  (Fig.  16c  and  16d)  and  1  +  3  (Fig.  16e  and  16f)  bi-dimensional 
spectra  reproduce  the  known  value  of  0.37  |J.Ci  within  +  15%.  Application  of  the  same 
procedure  to  peaks  from  the  more  complex  l78m2jqf  ->  I78mlHf  cascades  reproduces  the 
known  activity  to  within  +  30%. 

An  alternate  means  of  determining  the  rate  of  prompt  triggering  would  be 
required  in  the  second  case,  where  no  identifiable  peaks  occurred  in  the  bi-dimensional 
spectra.  The  detected  rate  for  emitted  gamma  rays  could  only  be  determined  from  the 
total  count  within  a  region  of  the  spectra  that  corresponds  to  a  specific  summed  BGO 
energy.  For  example,  considering  the  width  of  peaks  in  the  BGO  dimension,  events  from 
a  prompt  triggered  cascade  would  reside  between  total  energy  lines  of  about  2,380  keV 
and  2,530  keV.  Using  effective  efficiencies  for  Ge  and  BGO  detectors  averaged  over  this 
section  of  the  bi-dimensional  spectrum  and  an  estimated  /  value,  the  reaction  rate  could 
be  estimated.  To  determine  if  this  procedure  was  feasible  in  practice,  it  was  tested  for 
regions  in  which  natural  decay  of  178m2Hf  appears. 

Sum-energy  ranges  of  1,200  -  1,370  keV  and  885  -  1,040  keV  were  used  in  the 
I  +  2  spectrum  of  Fig.  16b  to  count  the  total  events  from  cascades  above  and  below  the  4- 
s  isomer  of  178Hf,  respectively.  These  were  found  to  be  4,271,050  and  7,029,212  while  in 
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those  same  regions  the  counts  within  the  full-energy  peaks  from  l78m2Hf  cascades  were 
2,706,250  and  3,174,291.  Thus,  63%  and  45%  of  the  total  counts  in  the  sum-energy 
ranges  reside  in  full-energy  peaks  from  this  nuclide  while  the  remaining  counts  are  due  to 
Compton  events  for  178ra2Hf  gamma  rays,  photopeak  and  Compton  events  from  172Hf 
decays,  and  other  background.  This  background  should  include  some  contribution  from 
cosmic  rays,  which  will  appear  even  with  the  shortest  possible  coincidence  times.  In 
order  to  estimate  the  activity  based  on  the  total  counts  within  the  ranges,  and  without 
basing  this  estimate  on  knowledge  of  specific  peaks,  it  was  necessary  to  employ  some 
effective  values  for  the  joint  emission  probability  and  for  the  Ge  and  BGO  efficiencies. 

The  estimated  rate  Rf+h)  of  emission-causing  events  based  on  the  total  counts  N,u, 
within  a  sum-energy  range  from  the  1  +  2  spectrum  was  determined  using 
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Even  without  knowledge  of  specific  peaks  in  the  1  +  2  spectrum,  it  is  clear  that  triplet 
gamma-ray  cascades  will  provide  the  dominant  contribution  to  the  total  counts.  Counts 
due  to  a  triplet  will  appear  spread  over  three  peaks  having  the  same  sum-energy  range 
due  to  the  permutations  of  detection  in  the  Ge  and  the  scintillators.  Taking  the  total 
counts  in  the  sum-energy  range  means  adding  the  contributions  from  all  three  peaks 
resulting  from  permutations  for  triplet  detection.  The  Ge  efficiency,  however,  was 
determined  from  Eq.  (1)  separately  for  each  individual  peak  based  on  the  full  joint 
emission  probability.  Simply  adding  the  numbers  of  events  within  all  three  permutations 
of  the  full-energy  peaks  overcounts  the  joint  emission  probability,  thus  the  appearance  of 
3/  in  Eq.  (4).  For  heavily-branched  cascades  or  when  strong  conversion  occurs,  the  joint 
probability  will  differ  significantly  from  unity.  However,  without  knowledge  of  the 
specific  cascades,  a  value  off-  1  is  the  only  justifiable  choice. 

The  Ge  and  BGO  efficiencies  for  a  1  +2  spectrum  enter  as  a  product  of  the  form 
£cc£lco  (see  Eq-  (3)).  When  employing  the  total  counts  within  a  sum-energy  range,  an 
average  value  over  that  range  must  be  utilized.  Using  the  total  counts  corresponding  to 
i78mi  j_jf  l78gHf  decay,  an  estimated  rate  of  =  33,670  s"1  was  found,  equivalent  to 
an  activity  of  0.91  pCi.  The  sum-energy  range  corresponding  to  1/Xm2Hf  ->  l78mlFIf 
cascades  provided  R'fF)  =  18,500  s"1,  equivalent  to  0.50  pCi. 

Application  of  the  same  procedure  to  the  1  +  3  spectrum  (Fig.  16d  and  16e)  gives 
rate  estimates  that  are  about  a  factor  of  3  -  4  lower  than  the  known  l78rri2Hf  activity  of 
0.37  pCi.  For  the  l78m2Hf  l78mlHf  sum-energy  range,  this  was  attributed  to  the  use  of 
f~  1  when  the  actual  joint  probability  is  about  0.1.  The  low  value  for  the 
l78mlHf  ->  178uHf  sum-energy  range  was  attributed  to  the  fact  that  the  low-energy  gamma 
rays  in  the  cascade  (89  keV  and  93  keV)  do  not  register  if  they  enter  the  scintillators,  so 
that  the  total  number  of  counts  in  the  range  is  too  low  for  the  given  multiplicity. 
Application  of  the  procedure  to  the  1  +  4  spectrum  (Fig.  16g  and  16h)  gives  no  estimate 
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from  the  ground-state  band  (both  89-  and  93-keV  gamma  rays  must  register  for  a  total 
detected  fold  of  five)  and  an  estimate  equivalent  to  0.02  p,Ci  for  the  l78m2Hf  l78mljqf 
cascades. 

Prompt  induced  gamma  emission  could  be  expected  to  exhibit  little  branching  and 
few  gamma  rays  out  of  the  total  multiplicity  near  8  would  have  such  low  energies  as  to 
not  be  registered  by  the  BGO  detectors.  Thus,  the  approach  should  provide  a  reasonable 
upper  limit  to  the  rate  of  such  events  should  no  peaks  be  in  evidence  in  the  bi- 
dimensional  spectra. 

The  small  number  of  counts  within  the  summed-energy  range  of  2,380  keV  - 
2,530  keV,  centered  around  (2,446+  10)  keV,  will  serve  as  the  background  in  the 
subsequent  experiment  [19],  Table  2  lists  measured  total  counts  due  to  natural  decay  in 
this  region  for  bi-dimensional  Ge  vs.  summed  BGO  spectra  of  different  detected  folds. 
The  minimum  detectable  rates  for  gamma  rays  due  to  prompt  triggering  are  also  given, 
corresponding  to  three  standard  deviations  of  the  background  counts  in  the  range  for  the 
specified  fold. 

Table  2  placement 

4.  Summary 

Claims  of  prompt  gamma  emission  from  178m2Hf  induced  by  incident  photons  near 
10  keV  require  confirmation  by  independent  tests  designed  specifically  for  this  type  of 
event.  The  YSU  miniball  system  is  uniquely  suited  to  such  studies  based  on  its  capability 
for  time-resolved  gamma-ray  calorimetry  and  is  sufficiently  compact  and  portable  to  be 
transported  to  and  placed  within  synchrotron  radiation  hutches.  The  system  has  been 
characterized  by  the  natural  decay  of  l78rTt2Hf  as  a  prelude  to  a  search  for  low-energy 
prompt  energy  release  from  this  31 -year  isomer.  The  sensitivity  and  detection  limits  for 
data  obtained  using  the  miniball  were  established. 
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Appendix  A  -  Probabilities  for  individual  and  coincident  gamma  rays 

The  probability  that  an  individual  gamma  is  emitted  following  decay  of  1  ;!'ra2Hf  is 
tabulated  in  the  ENSDF  [2]  and  adopted  values  are  listed  in  Table  A.l.  Weak  transitions 
found  in  Ref.  [22]  are  not  included  as  they  could  not  be  observed  in  this  work. 

Table  A.l  placement 

The  above  literature  values  were  used  in  the  determination  of  the  efficiency  for  the  Ge 
detector,  from  peak  counts  in  the  singles  spectrum  extracted  without  sort  conditions  from 
the  miniball  data  and  using  Eq.  (1)  in  the  main  text.  Determination  of  efficiencies  for 
gamma  rays  detected  by  single  BGO  scintillators  requires  the  probabilities  for  double 
coincidences,  since  the  instrumentation  requires  coincidence  with  the  Ge  detector.  These 
probabilities  may  be  calculated  as  follows  based  on  the  literature  data  in  the  following 
way. 


_  I79m9  1  78  m  I 

Thirteen  unique  cascades  from  Hf  ->  Hf  were  identified  as  shown  in 
Table  A.2,  again  excluding  the  weak  transitions  found  in  Ref.  [22].  The  branching  ratios 
for  each  transition  were  found  from  the  / and  a  values  according  to 

6,=/(l  +  af)  ,  (A.l) 


where  bj  is  the  probability  for  a  given  branch  from  a  given  level,  and /  and  a,  are  the 
corresponding  gamma  probability  and  conversion  coefficient.  From  these  values  it  is 
possible  to  determine  the  total  likelihood  that  any  given  cascade  will  occur.  Based  on 
Table  A.2,  the  574-keV  transition  is  described  by  b^4~  (0.707  +  0.1 1 1  +  0.0741) 

=  0.892,  and  from  Eq.  (A.l),/^  =  0.880.  This  agrees,  as  it  should,  with  the  literature 
value  in  Table  A.l. 


Table  A.2  placement 

The  joint  probability  that  574-keV  and  495-keV  gamma  rays  are  emitted  in 
coincidence  is  then  found  by 


f 574,49$  ~  f 574  f 495^74  ~ 


*574  495 


(A.2) 


It  is  straightforward  from  Table  A.2  and  Eq.  (A.l)  to  find  the  conditional  probability 

_  (  0.707 

0.707  +  0 .1H +0.0741 

so  that  the  joint  probability  f 571,495  =  0.684.  In  a  similar  manner  the  joint  probability  for  a 
triple  coincidence  may  be  found  from  Table  A.2,  as  occurs  when  a  single  BGO  exhibits 
sum  peaks  (y;  detected  by  the  Ge  and  both  y  and  y k  detected  by  the  BGO)  or  when  two 
BGO  detectors  receive  separate  gamma  rays.  Only  one  cascade  occurs  in 


1  +  0.0199 


=  0.777 


(A. 3) 
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i78mi ^  17(,spjf  decay  ancj  the  joint  probabilities  then  reduce  to  the  product  of  the  / 
values  for  the  specific  transitions. 

While  a  tabular  approach  for  enumerating  possible  cascades  was  simple  for 
i78m2j^  jt  js  not  wej|  suited  for  gamma  rays  resulting  from  decay  of  172Hf  and  its 
daughters.  Among  l72Yb  transitions  there  are  forty  energy  levels  and  about  2,000 
possible  cascades  following  l72Hf  decay.  The  more  general  approach  of  Ref.  [29]  was 
used  to  determine / values  needed  to  evaluate  selected  gamma  rays  following  172Hf  decay. 
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Appendix  B  -  Determination  of  detector  efficiencies  via  sum  peaks  of  cascade 
gamma  rays 

Placement  of  the  hafnium  sample  within  the  central  cavity  of  the  miniball 
represents  a  close  geometry  between  source  and  detectors.  The  178m2Hf  and  l72Hf 
radioisotopes  emit  cascades  of  gamma  rays,  so  true  coincidence  summing  (TCS)  could  be 
expected  to  impact  the  values  of  detector  efficiencies  determined  front  the  counts  within 
full-energy  peaks.  If  the  goal  of  the  miniball  system  was  to  be  able  to  compare  the  rates 
of  emission  at  specific  gamma  energies  from  the  natural  decay,  during  and  without, 
irradiation  by  external  photons,  then  efficiencies  would  not  be  required  and  TCS  could  be 
ignored.  However,  the  possibility  of  emission  of  new  gamma-ray  lines  from  a  prompt 
triggered  cascade  required  determination  of  the  detector  efficiencies  and  the  role  of  TCS. 

The  general  topic  is  discussed  in  Ref.  [30]  and  numerous  analytical,  empirical  and 
computational  methods  have  been  developed  (see,  for  example,  Refs.  [29,  31]).  The 
methods  all  seek  to  correct  the  efficiencies  determined  directly  from  counts  in  full-energy 
peaks  for  events  lost  to  summations.  Herein  it  was  desired  to  not  only  obtain  such 
corrections,  but  also  to  determine  the  detector  efficiencies  based  on  comparison  of  the 
counts  in  sum  peaks  to  the  counts  in  the  individual  full-energy  peaks.  The  latter  would 
provide  a  verification  of  the  direct  efficiency  values,  and  the  radionuclide  activities  which 
enter  the  calculations  in  different  order.  No  method  has  been  applied  previously  to  the 
hafnium  nuclides  of  interest  in  this  work,  nor  does  the  literature  discuss  the  determination 
of  efficiencies  from  the  sum-to-individual-peak  counts. 

Tire  present  approach  considers  two  gamma  rays  designated  as  yi  and  y2,  emitted 
in  coincidence  within  a  prompt  cascade  that  may  include  other  transitions.  Entrance  of 
both  gamma  rays  into  a  single  BGO  detector  causes  a  summation  and  a  loss  of  counts 
from  the  respective  photopeaks  according  to 

NJ=N,fjEj<y-SJ)  ,  (13.1) 

where  N,  is  taken  from  Eq.  (1)  and  Npfj,  and  e}  are  the  number  of  photopeak  counts,  the 
emission  probability  per  decay,  and  the  photopeak  efficiency,  respectively,  corresponding 
to  y.  (recall  that  y  was  already  detected  in  coincidence  in  the  Ge  detector).  A  is  the 
sample  activity  and  T  the  acquisition  live  time.  Self-absorption  may  occur  as  gamma 
rays  emitted  from  the  hafnium  nuclei  exit  the  sample  through  the  A1  frame  (see  Fig.  8), 
but  this  simply  contributes  to  the  real  efficiency  of  a  detector  and  does  not  appear 
explicitly  in  Eq.  (B.l).  All  counts  removed  from  the  photopeak  due  to  summations  of 
any  type  are  accounted  for  in  the  coefficient  Sj.  This  includes,  but  is  not  limited  to, 
summations  with  both  full-energy  and  Compton  events  from  Yk  and  with  both  full-energy 
and  Compton  events  from  gamma  rays  other  than  yi ,  y  and  yk  in  the  same  cascade.  Tire 
number  of  counts  appearing  in  a  BGO  sum  peak,  N&  due  to  y  and  Yk  is 

Ni  =  (Afy>,  )(4,^)  =  iNJk£k)(fAki£j)  ,  (B.2) 


22 


reflecting  the  symmetry  between  peak-to-peak  summations  in  the  BGO  crystal.  The 
is  the  conditional  probability  per  decay  that  yj  is  emitted  given  that  yj<  was  emitted  (to  the 
same  BGO)  and  Yi  was  emitted  for  the  Ge.  These  may  be  found  as  discussed  in 
Appendix  A. 

In  many  instances,  the  parameter  S/  will  be  approximately  constant  for  a  specific 
Yj  and  Yk  pair.  Then  Eqs.  (B.l)  and  (B.2)  may  be  solved  to  obtain 


ata£ 


'atnJj  4,. 


(B.3) 


and 


\-Sj  =  ]-Sk 


\  N,Nzfj 


(B.4) 


The  correction  to  an  efficiency  value  determined  directly  from  the  photopeak  areas  is 


ec;rr  =  _^-  .  (B.5) 

'  1  -Sj 

In  this  approximation,  the  photopeak  efficiencies  for  multi-line  sources,  such  as  l,l!rn2Hf 
and  mHf,  may  be  determined  through  Eq.  (B.3)  or  Eq.  (B.5).  Cascades  emitted  from 
i78m2pjf  sajjsfy  t]ie  a5ove  approximation  for  a  number  of  paired  gamma  rays  which 
corresponded  to  sum  peaks  that  did  not  exhibit  contamination  from  actual  transitions  at 
that  energy  or  from  nearby  172Hf  lines.  The  values  are  plotted  in  Fig.  10b  for  the  Ge 
detector  and  in  Fig.  15  for  a  BGO  detector.  Direct  efficiencies  in  Fig.  10  are  uncorrected 
as  S'  differs  little  from  unity.  The  above  method  is  similar  to  the  more  involved  approach 
developed  in  Ref.  [32]  and  efficiency  values  obtained  by  the  two  calculations  typically 
agree  to  within  less  than  1%.  Thus,  the  i78m2Hf/l72Hf  source  may  be  valuable  for 
efficiency  calibrations  of  detectors  even  when  TCS  is  significant. 
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TABLES 


Table  1:  Absolute  intensities  for  different  folds 
calculated  for  an  idealized  cascade  of  effective 
physical  multiplicity  three  and  determined  from  the 
total  counts  in  measured  bi-dimensional  Ge  vs. 
summed  BGO  spectra. 

F 

Ideal  intensity 

Measured  intensity 

0 

0.46 

0.48 

1 

0.46 

0.43 

2 

0.084 

0.085 

3 

0 

0.0038 

4 

0 

0.00026 

5 

0 

0.000011 

6 

0 

0.00000014 

Table  2:  Measured  total  background  count 
minimum  detectable  emission  rates  for 
corresponding  to  prompt  induced  emission,  il 

s  (natural  decay)  and 
sum-energy  range 
"any,  from  178m2Hf. 

F 

Total  counts 

Minimum  gamma- 
ray  detection  rate 
[S'1] 

1  (wide  sort) 

(narrow  sort) 

32,180 

14,352 

2.56  x  1 0‘3 

1.71  x  10’3 

2  (wide  sort) 

(narrow  sort) 

57,097 

7,986 

3.41  x  10-3 

1.27  x  10  3 

3  (wide  sort) 

(narrow  sort) 

24,853 

1,283 

2.25  x  10’3 

5.10  x  10’4 

4  (wide  sort) 

(narrow  sort) 

4,342 

106 

9.39  x  10  4 

1.47  x  10-4 

5  (wide  sort) 

(narrow  sort) 

253 

2 

2.27  x  10‘4 

2.02  x  1 0'5 

6  (wide  sort) 

(narrow  sort) 

3 

0 

2.47  x  10'5 
<1.01  x  10'5 
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Table  A.l:  Literature  values  [2]  for  emission  probabilities  and  conversion  coefficients 
for  gamma  rays  resulting  from  decay  of 1  'Ilf.  Errors  on  the  adopted / values  are  given 
in  the  ENSDF  format.  Also  given  are  calculated  emission  probabilities  using  the  method 
described  below. 

E,  [keV] 

fi 

CCi 

/rk 

12.7 

7.178  x  10'8  (2) 

1.39  x  107 

7.181  x  10'8 

88.862 

0.644(10) 

0.492 

0.670 

93.185 

0.172  (3) 

4.73 

0.174 

213.434 

0.814(11) 

0.234 

0.810 

216.668 

0.646(10) 

0.289 

0.645 

237.431 

0.093  (2) 

0.222 

0.092 

257.646 

0.167  (4) 

0.136 

0.166 

277.403 

0.0138(7) 

0.13 

0.0133 

296.812 

0.0969  (2) 

0.090 

0.0968 

309.50 

0.00019(20) 

8.66 

0.00019 

325.557 

0.941  (11) 

0.0626 

0.941 

426.360 

0.970(13) 

0.0294 

0.971 

454.05 

0.167  (3) 

0.0249 

0.164 

495.013 

0.713(22) 

0.0199 

0.705 

535.036 

0.0941  (4) 

0.0165 

0.0908 

574.215 

0.879  (29) 

0.0139 

0.880 

Table  A. 2:  Unique  cascades  in  decay  of  I/SnUHf  -> 
literature  values. 

1  /8m  Hf  and  their  likelihood  based  on 

Cascade,  E  [keV] 

Probability 

12.7 

574.2 

-> 

495 

216.7 

0.707 

12.7 

574.2 

257.6 

454.1 

0.111 

12.7 

-> 

574.2 

-» 

257.6 

237.4 

216.7 

0.0741 

12.7 

-> 

296.8 

-> 

535 

454.1 

0.0544 

12.7 

296.8 

535 

237.4 

216.7 

0.0363 

12.7 

296.8 

277.4 

495 

216.7 

0.0118 

12.7 

296.8 

-> 

277.4 

-> 

257.6 

454.1 

0.00184 

12.7 

296.8 

277.4 

257.6 

237.4 

216.7 

0.00123 

309.5 

535 

454.1 

0.000938 

309.5 

535 

237.4 

-> 

216.7 

0.000626 

309.5 

277.4 

495 

216.7 

0.000202 

309.5 

277.4 

257.6 

454.1 

3.18  x  10'5 

309.5 

277.4 

257.6 

237.4 

216.7 

2.12  x  10'5 
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FIGURE  CAPTIONS 


Figure  1:  Partial  level  diagram  of  l78Hf,  showing  the  dominant  electromagnetic 
transitions  occurring  during  spontaneous  decay  of  the  31 -year  isomer  [2].  The  weak 
transitions  found  in  the  experiment  of  Ref.  [22]  are  not  shown.  The  total  widths  of 
cascade  arrows  represent  the  relative  transition  intensities,  while  their  darkened  widths 
indicate  the  gamma  intensities.  Transition  energies  in  keV.  The  primary  initial  step  in 
the  m2  decay  occurs  by  a  heavily-converted  12.7-keV  E3  transition  and  the 
corresponding  arrow  does  not  attempt  to  represent  its  intensity.  Also  shown  is  a 
depiction  of  a  hypothesized  triggering  process  by  excitation  of  nuclei  already  in  the  31- 
year  isomeric  state  to  a  higher-lying  intermediate  level,  as  described  in  the  text. 

Figure  2:  YSU  miniball  array  within  the  experimental  hutch  of  the  BL12B2  beamline  at 
SPring-8.  Labeled  items  are  (a)  a  65%  Ge  detector  (part  of  miniball  system),  (b)  a  cubic 
support  structure  holding  six  BGO  crystal/PMT  assemblies,  (c)  a  sample  positioning  arm, 
attached  to  a  translation  stage,  (d)  exit  port  from  the  support  structure  for  synchrotron 
radiation.  The  additional  small-volume  Ge  and  x-ray  detectors  are  independent  from  the 
miniball  instrumentation. 

Figure  3:  Schematic  of  the  pulse-processing  instrumentation  for  the  miniball  array.  The 
Ge  detector  provided  the  master  gate  for  the  system  as  described  in  the  text. 

Figure  4:  Oscilloscope  trace  showing  (a)  the  Ge  detector  preamp  signal,  (b)  the  Ge  CFD 
timing  pulse,  (c)  the  system  gate  and  (d)  the  output  of  the  spectroscopy  amplifier  from  the 
Ge  signal.  The  time  scale  is  2  ps  per  division. 

Figure  5:  Oscilloscope  trace  showing  (a)  the  system  gate,  (b)  a  BGO  timing  STOP 
signal,  (c)  a  histogramming  box  that  determines  the  magnitude  of  negative-going  STOP 
pulses  that  will  be  recorded  and  (d)  a  histogram  showing  the  frequency  of  STOP  pulses 
as  a  function  of  time.  The  histogram  provides  the  coincidence  curve  used  to  set  delays  on 
the  time  channels.  The  time  scale  is  1  ps  per  division. 

Figure  6:  Comparison  of  Ge  and  BGO  energy  resolutions  for  a  60Co  calibration  source 
(obtained  at  Youngstown  State  University  during  preliminary  testing). 

Figure  7:  (a)  A  TDC  spectrum  showing  the  distribution  of  STOP  pulses  from  one  BGO 
obtained  from  a  l37Cs  source.  Compton  scattering  between  detectors  results  in  a  small 
coincidence  curve,  while  in  (b)  this  cross-talk  between  detectors  has  been  eliminated  by 
wrapping  the  detectors  with  1  mm  Pb. 

Figure  8:  Sample  containing  ,78m2Hf  and  l72Hf,  attached  to  the  positioning  arm  and  held 
in  the  central  cavity  of  the  miniball.  Pb  wraps  around  the  BGO’s  were  added  after  this 
picture.  The  diagonal  of  the  cube  containing  the  positioning  arm  is  not  perpendicular  to 
the  diagonal  through  which  the  synchrotron  radiation  was  intended  to  pass  in  later 
experiments,  necessitating  a  15°  orientation  of  the  sample  face  with  respect  to  the  beam 
axis. 
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Figure  9:  Ge  singles  spectrum  extracted  from  the  miniball  data  without  sort  conditions 
and  acquired  for  a  total  of  about  74  hours  without  irradiation.  Major  peaks  from  natural 
decay  of  ,7><'ll2Hf  (bare)  and  l72Hf  (ovals)  are  labeled. 

Figure  10:  (a)  Plot  showing  measured  efficiencies  for  the  Ge  detector  using  well-known 
gamma  rays  from  l78m2Hf  and  l72Hf  decays.  Filled  symbols  indicate  values  obtained 
when  the  full  miniball  is  assembled,  including  Pb  wraps  on  the  BGO  ciystals.  The  open 
symbols  indicate  values  obtained  when  the  BGO  and  their  wraps  are  removed  that  would 
otherwise  restrict  the  Ge  detector’s  view  of  the  central  cavity.  These  measurements  were 
made  at  Youngstown  State  University  to  determine  the  flattening  of  the  efficiency  curve 
due  to  the  miniball  configuration,  (b)  Plot  showing  measured  efficiencies  for  the  Ge 
detector  using  the  hafnium  source,  taken  at  SPring-8  in  the  BL12B2  beamline  hutch  over 
a  period  of  about  74  hours.  Efficiencies  were  determined  directly  from  the  counts  within 
full-energy  peaks  (filled  symbols)  and  also  from  selected  sum  peaks  by  the  method  of 
Appendix  B  (open  symbols). 

Figure  1 1 :  Singles  spectrum  from  a  specific  BGO  detector  and  extracted  without  sort 
conditions  from  the  full  data  set.  Major  peaks  are  labeled  as  in  Fig.  9.  Peak  widths  were 
too  large  to  permit  effective  peak  fitting,  resolution  of  doublets  or  identification  of 
smaller-intensity  peaks. 

Figure  12:  Time  spectrum  for  a  specific  BGO  detector  showing  the  distribution  of  STOP 
pulses.  The  “true”  coincidence  width  is  51  ns,  although  a  wider  channel  range  was  used 
in  some  time  sorts  to  include  the  effects  of  walk  of  the  Ge  time  mark  (START)  and  BGO 
time  mark  (STOP). 

Figure  13:  Section  of  a  bi-dimensional  “doubles”  spectrum  displaying  coincident  events 
between  the  Ge  detector  and  a  specific  BGO  crystal.  While  full  BGO  singles  spectra  like 
that  in  Fig.  1 1  do  not  permit  effective  peak  fitting,  projections  of  slices  (“cuts”)  of  the 
doubles  spectrum  simplify  the  BGO  spectra  and  do  allow  peak  fitting.  One  cut  is  shown, 
made  for  events  in  which  the  full  energy  of  the  495-keV  gamma  ray  in  l78nCHf  ->  1  7f<mlHf 
decay  is  deposited  in  the  Ge  detector. 

Figure  14:  (a)  BGO  projection  (larger  pane)  obtained  by  a  cut  on  the  495-keV  photopeak 
in  the  Ge  projection  (short,  top  pane).  The  simplified  structure  in  the  BGO  projection 
allowed  identification  and  effective  fitting  of  full-energy  and  sum  peaks,  (b)  BGO 
projection  obtained  by  a  cut  on  the  325-keV  Ge  photopeak.  Two  coincident  transitions 
are  of  too  low  energy  to  be  recorded  in  the  BGO  due  to  discriminator  levels.  However, 
they  appear  as  summations  to  the  larger  gamma-ray  peaks  at  213  keV  and  426  keV,  as  do 
X  rays  resulting  from  electron  conversion. 

Figure  15:  (a)  Plot  showing  measured  efficiencies  for  a  specific  BGO  detector  using 
well-known  gamma  rays  from  178m2Hf  and  ,72Hf  decays.  Data  were  taken  at  SPring-8. 
Filled  symbols  indicate  values  obtained  using  the  photopeak  counts  after  inclusion  of 
counts  lost  to  summation.  When  possible,  multiple  values  for  the  efficiency  of  each 
gamma  ray  were  extracted  from  different  cuts,  providing  an  internal  cross-check.  Open 
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symbols  show  values  obtained  by  comparison  of  sum  peaks  from  major  gamma  rays  to 
the  corresponding  photopeak  areas,  (b)  Effective  single -BGO  efficiency,  obtained  as  the 
average  of  values  from  the  six  separate  BGO  detectors.  Errors  shown  are  systematic  as 
statistical  errors  are  comparable  in  magnitude  to  the  size  of  the  symbols.  The  curve  is 
drawn  to  guide  the  eye. 

Figure  16:  Bi-dimensional  spectra  showing  events  corresponding  to  different  detected 
folds  and  displayed  by  the  energy  deposited  in  the  Ge  and  the  total  energy  deposited  in  all 
six  BGO  detectors:  (a)  corresponds  to  F  =  1  with  (b)  being  an  expanded  view;  (c) 
corresponds  to  F  =  2  with  (d)  being  an  expanded  view;  and  (e)  corresponds  to  F  =  3  with 
(f)  being  an  expanded  view.  Plots  (a)  -  (f)  were  obtained  by  sorting  the  data  on  the  wide 
time  range.  Plots  (g)  and  (i)  show  data  extracted  using  the  wide  time  range  for  F  =  4  and 
5,  respectively.  Plot  (h)  shows  a  detected  fold  of  F  =  4  extracted  using  the  narrow  time 
range.  Plots  of  F  =  5  for  the  narrow  time  range  and  of  F  =  6  using  either  time  range 
exhibit  a  small  number  of  widely-scattered  events  that  are  not  easily  visible  in  print.  The 
total  counts  in  the  F  =  5  narrow-time  sort  spectrum  is  53.  The  total  counts  in  the  F  =  6 
wide  and  narrow-time  sort  spectra  are  38  and  0,  respectively.  Selected  sum-energy  loci 
are  indicated  as  discussed  in  the  text. 

Figure  17:  Simulated  distribution  of  BGO  detected  folds,  F,  for  different  physical 
multiplicities  M  for  a  cascade  of  gamma  rays  having  an  energy  of  250  keV  and  a 
corresponding  efficiency.  The  histogram  of  (a),  with  M  =  3,  represents  the  dominant 
cases  for  natural  decay  of  178m2Hf  and  measured  total  counts  in  the  spectra  of  Fig.  16. 
The  histogram  of  (b),  with  M  =  8,  represents  the  expected  distribution  of  detected  BGO 
folds  for  prompt  triggered  events,  if  any,  from  l78m2Hf. 
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K71  0+  2.29  s  isomer  in  neutron-rich  171Tm 
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Gamma-ray  and  conversion-electron  spectroscopy  have  established  the  existence  of  a  2.20(1)  s, 

K~  0+,  isomeric  state  in  neutron-rich  1  Tm,  The  isomer  de-ex  cites  via  100-  and  152-keV 
electromagnetic  transitions.  First  results  from  a  newly  commissioned  Si(Li)  detector  array  have 
established  their  Ml  and  E  3  multipolarities,  respectively.  The  single- par  tide  configurations  of  the 
excited  states  suggest  that  the  E 3  transition  originates  from  a  ir /rnL  ,  ♦  ird\,fz  configuration  change, 

while  the  Ml  transition  occurs  between  members  of  a  Gallagh&r-Moszkovvski  doublet.  From  the 
measured  half-life,  the  deduced  B(E 3)  value  of  0.024(2)  W.u.  is  highly  hindered.  The  reported 
measurements  resolve  ambiguities  in  the  previously  proposed  1  decay  scheme  of  lr  '!•>  to  1 ' 1 ' F rn . 

PAOS  numbers:  21.104V  23.20. Lv,  23.20.Nx,  27.70. +q 


Models  of  exotic  neutron- rich  nuclei  predict  interest¬ 
ing,  as  yet  unexplored,  new  physics  [l1.  However,  these 
nuclei  arc  largely  difficult  to  access  in  experiments.  Iso¬ 
meric  states  are  proving  to  be  a  convenient  tool  to  access 
cud  <  .-.plot  ...  lit  1  AC  is.  in  neat  nn-ri  !i  u  I-  i  2/  In 
well- deformed  nuclei,  isomerism  can  usually  be  ascribed 
to  K -forbidden  and/or  high- multi  polarity  transitions  l3  . 
After  accounting  for  these  aspects,  the  reduced  hindrance 
then  depends  primarily  on  ‘local5  nuclear-structure  K- 
rnixing  effects,  such  as  density  of  states,  deviations  from 
axial  symmetry,  and  Coriolis  mixing  [3  .  Taken  together, 
these  many  influences  severely  complicate  the  prediction 
of  isomer  decay  rates.  Nevertheless,  the  experimental 
identification  of  isomeric  states  has  a  pivotal  role  in  stud¬ 
ies  of  nuclei  approaching  the  drip-lines  [2,  4],  and  even  of 
some  of  the  heaviest  nuclei  synthesized  to-date  [5/  While 
there  is  evidence  for  exotic  proton  and  two-proton  decay 
modes  of  isomers  near  the  proton  drip-line  |(i],  analogous 
questions  regarding  the  neutron  decay  mode  of  isomers 
in  the  neutron-rich  region  are  still  open  [7].  Additionally, 
one  of  the  goals  of  a  future  study  of  neutron- rich  nuclei 
in  the  Dy-Iif  region  is  to  search  for  the  possible  existence 
of  an  ''island.5  of  /-decaying  high- A'  isomers  3,  8],  Fur¬ 
thermore,  isomer  production,  especially  with  high-energy 
proton- induced  reactions,  is  still  poorly  understood,  and 
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will  be  important  for  future  radioactive-beam  projects. 
There  are  open  questions  on  the  reaction  mechanism  and 
production  cross  sections  of  isomers  m  even-even,  odd- 
even,  and  odd-odd  nuclei  [9].  Additional  complications 
arise  line  to  the  unknown  release  times  of  isomers  and 
exotic  nuclei  from,  for  example,  surface-ionization  ion 
sources.  Thus,  experiments  form  a  crucial  component 
to  address  these  issues. 

A  new  program  of  research  in  the  deformed,  isomer- 
rich,  170-190  mass  region  LH,  8,  10]  has  been  launched 
at  the  Isotope  Separator  and  Accelerator  (IS AC1)  facility 
sited  ad  TRIUMF/  Vancouver,  Canada,  In  the  present 
work  we  report  on  the  characterization  of  a  new  2.29  s 
isomer  in  neutron-rich  i74Trn  (Z  69).  The  motive 
tion  to  study  such  deformed  odd-odd  nuclei  is  based  on 
their  level  structures,  whose  excitation  spee.tr a  arc  among 
the  most  intricate  und  poorly  characterized  in  nuclear 
structure  physics  111].  This  is  associated  with  part  hilly 
blocked  pairing,  high  level  density  (resulting  in  a  mul¬ 
titude  of  low-lying'  configurations),  and  complex  decay 
patterns.  The  high  probability  of  isomeric  states  is  a  key 
feature  in  the  spectra  of  these  nuclei,  and  their  identi¬ 
fication  can  lead  to  unambiguous  temporal  ordering  of 
excited  states.  Such  is  the  case  with  l74Txn,  as  presented 
here. 

In  the  present  series  of  experiments,  nuclei  far  from  the 
line  ot  ^-stability  are  produced  at  the  ISAC  facility  using 
30/rA  500  MoV  pro  ton- induced  reactions  on  a.  Ta  target. 
The  reaction  products  de -excite  during  transit  while  long 
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lived  isomers  (7\/ 2  >  few  milli-seconds)  allow  a  fraction 
of  the  isotopes  to  be  delivered  in  an  excited  state.  The 
reaction  products  are  extracted  using  a  surface  ioniza¬ 
tion  source,  and  accelerated  to  an  energy  of  30  keV.  A 
high- resolution  mass  analyzer  separates  species  with  dif¬ 
ferent  mass  number,  which  are  then  transported  to  exper¬ 
imental  stations  such  as  the  S7T  spectrometer.  This  spec¬ 
trometer  has  been  reconfigured  in  a  close- packed  config¬ 
uration  [12],  and  is  comprised  of  20  Compton-suppressed 
high- purity  germanium  detectors.  The  low-energy  beams 
from  IS  AC  are  focused  at  the  center  of  the  87t  array 
and  stopped  in  a  12.7  mm  wide  continuous-loop  collector 
tape  that  is  fed  from  a  large  aluminum  storage  chamber. 
The  movable  tape  transport  facility  removes  long-lived 
activity  from  the  focus  of  the  87T  array  and  minimizes 
the  contaminating  activity  present  in  an  isobanc  beam. 
Within  the  8tt  array,  an  aluminum  hemispherical  mount¬ 
ing  houses  five  Si  (Li)  detectors  in  a  pentagonal  geome¬ 
try,  cooled  to  liquid-nitrogen  temperatures.  Typically, 
the  off-line  intrinsic  resolution  of  the  (cooled)  Si(Li)  de¬ 
tectors  is  2.9-keV  at  975-keV  (K-shell  converted  electron 
of  the  1063- keV  transition  in  207Bi);  while  the  in-beam 
resolution  is  1.85-keV  at  302-keV  (K-shell  converted  elec¬ 
tron  of  the  364-keV  transition  in  174Tm  ft- decay).  Each 
of  the  five  Si  (Li)  detectors,  5  mm  thick,  circular  in  shape, 
and  with  an  area  of  200  mm2,  was  mounted  at  a  distance 
of  2,2  cm  from  the  beam  focus.  The  Pentagonal  Array  for 
Conversion  Electron  Spectroscopy  (PACES)  covers  8%  of 
the  solid  angle  [13]. 

In  two  sets  of  experiments  several  of  the  known  high¬ 
ly  isomers  in  the  Dy-Hf  region,  with  half-lives  ranging 
from  a  few  milli-seconds  to  several  minutes,  have  been 
accessed  [14].  We  report  here  the  spectroscopy  of  a  new 
2.29(1)  s  isomer  in  the  neutron- rich  nucleus  174Tm.  An 
initial  study  measuring  only  the  7-transitions  was  pre¬ 
sented  at  ENAM04  [15].  The  A=174  isobaric  beam  was 
implanted  into  the  movable  tape  transport  facility,  with 
beam-off/ beam-on /beam-off  cycling  times  of  2s/ 2s/ 2s, 
2s/ 3s/ 3s,  5s/  10s/ 1 0s,  and  10s/100s/50s.  Any  remnant 
radioactive  decay  from  the  beam- par  tides  missing  the 
tape  were  monitored  in  the  initial  beam-off  period  after 
moving  the  tape, 

Singles  and  coincidence  7  —  7,  7-electron,  and  electron- 
electron  data  were  acquired  and  sorted  offline  into  sev¬ 
eral  matrices;  these  include  7- time,  electron- time,  7  —  7, 
7-electron,  and  electron-electron  coincidence  matrices. 
Standard  radioactive  sources  of  152Eu,  ia3Ba,  207Bi,  as 
well  as  the  known  7 -ray  and  electron  peaks  from  174Tm 
ground- state  ft  decay,  were  utilized  to  calibrate  the  spec¬ 
tra.  The  accumulated  7-ray  data  were  dominated  by  the 
ground-state  /5-decay  of  I74Tm  (Ti/^—  5.4  min).  The  de¬ 
tection  of  new- isomers  is  compounded  by  the  presence  of 
multiple  decay-sources  of  varying  intensities  in  the  form 
of  (here,  A=174)  isobaric  contaminants  as  well  as  ionized 
fluoride/ oxide  molecular-beams  (leading  to  decays  from 
the  A— 158  and  A— 155  mass  chains).  Despite  contami¬ 
nation,  a  judicious  choice  of  cycling-times  enabled  rather 
clean  separation  of,  especially,  short-lived  isomers.  The 


yields  of  the  A— 174  oxide- beam,  mainly  emanating  from 
the  decay  of  1  l8Er  and  158Tm,  were  measured  to  be  13'  i 
and  1%  of  the  lr4Tm5.s.  yield,  respectively;  while  the 
decays  from  the  A=174  fluoride-beam,  primarily  from 
155Tm,  was  measured  to  be  at  a  0.03%  level.  Fig.  1 
shows  the  singles  7-ray  spectrum,  after  subtracting  the 
dominant  1|'  ‘Tm^.g,  activity.  The  inset  shows  the  growth 
and  decay  curve  of  the  2.29(1)  s  isomer  in  the  2s/ 3s/ 3s 
tape  cycle  [15]:  the  prominent  peaks  are  the  100.3'  and 
152.1-keV  7- ray  transitions,  and  the  Tm  K  X-rays.  The 
ground-state  to  isomer  ratio,  (later  on,  corrected  for  elec¬ 
tron  conversion),  is  200:1,  and  demonstrates  the  device 
sensitivity.  The  two  coincident  7- ray  transitions  were,  in 
addition,  also  known  to  be  present  in  the  ground-state  ft 
decay  of  174 Er,  which  has  a  half  life  of  3,3  min  [16,  17]. 
From  the  7  —  7  coincidence  data,  K-conversion  coeffi¬ 
cients  of  3.1(1)  and  1.13(6)  were  extracted,  respectively, 
for  these  two  transitions,  and  were  the  basis  for  Ml- 
assignments  in  the  previous  works  [15,  17]. 

The  ground-state  spin  and  parity  of  l'4Tm  are  known 
to  be  I*  =  4“,  as  deduced  from  the  ground-state  system- 
atics  of  the  odd-proton  Tm  isotopes  and  the  N  —  105  iso¬ 
tones,  and  the  allowed-unhindcred  ft- dec. ay  proceeding  to 
the  lowest  two  excited  5“  states  in  174 Yb  [18].  However, 
the  excited  states  in  174Tm  populated  in  the  IK  “ 
ground-state  ft  decay  of  174Er  must  be  oflow  spin.  Hence 
an  unobserved  low-energy,  high-multipolarity  transition 
was  postulated,  between  the  low-spin  states  observed  fol¬ 
lowing  6  decay  and  the  high-spin  ground  state  [17].  How¬ 
ever,  several  issues  could  not  be  resolved  from  7-ray  spec¬ 
troscopy  alone.  These  relate  to  the  large  intensity  differ¬ 
ence  between  the  two,  seemingly  Ml,  7-ray  transitions  at 
100-  and  152-keV;  the  absence  of  a  252-keV  cross-over  E 2 
transition;  and  speculation  that  the  isomeric  state  could 
be  a  new  excited  state,  the  decay  of  which  could  not  itself 
be  established,  requiring  population  from  a  hypothesised 
high- AT  /3-decaying  isomer  in  174  Er  [15]. 

A  closer  examination  of  the  K-electron  conversion  co¬ 
efficient  for  the  152-keV  transition,  extracted  from  X- 
ray  and  7-ray  intensities  [15,  17],  reveals  that  it  agrees, 
within  error,  with  the  values  expected  [19]  for  a  M 1  mul¬ 
tipolarity  (&/<■=  0.81)  and  an  £3  multipolarity  (a&- 
1.18).  Furthermore,  a  £3  multipolarity  for  the  152- 
keV  transition  would  explain  the  large  intensity  imbal¬ 
ance  with  the  100-keV  transition,  that  arises  from  the 
earlier  deduction  of  Ml  multipolarity  for  both  transi¬ 
tions.  However,  the  L-conversion  coefficients  would  differ 
greatly  (ac=  0.12  and  4,1  for  Ml  and  £3  multipolar¬ 
ity,  respectively),  motivating  a  measurement,  involving  a 
conversion-electron  spectrometer.  Therefore,  in  a  follow¬ 
up  experiment,  a  new  conversion-electron  spectrometer, 
PACES,  was  brought  on-line  at  the  87r-spectromcter  sta¬ 
tion.  The  singles  conversion-electron  spectrum  obtained 
by  subtracting  (with  appropriate  time  restrictions)  the 
transitions  from  the  5.4  m  l74Tm  ground  state  /3-decay 
is  depicted  in  Fig.  2.  This  clearly  illustrates  electrons 
from  K-,  L-,  and  M- converted  transitions  that  are  in¬ 
volved  in  the  isomer- decay,  in  addition  to  the  Tm  Ka 
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and  Kp  X-rays,  The  conversion-electron  spectrum,  gated 
by  the  100-keV  7- ray  transition,  is  shown  in  Fig.  3.  The 
key  feature  is  the  prominent  peak  at  142-keV  due  to  L- 
conversion,  with  the  K-  and  M-conversion  peaks  being 
of  relatively  low  intensity  in  this  spectrum.  The  deduced 
conversion  coefficients,  as  well  as  the  K/L  and  L/M  inten¬ 
sity  ratios,  compare  very  well  with  an  A3  multipolarity 
assignment  for  the  152-keV  transition,  and  rule  out  the 
Ml  alternative.  Similarly,  the  conversion  electron  data 
unambiguously  assign  Ml  multipolarity  to  the  100-keV 
transition.  The  K-,  L-  and  M-conversion  coefficients  from 
the  present  and  the  previous  data  are  shown  in  Table  1 , 
The  deduced  isomer  decay  scheme  is  depicted  in  the  in¬ 
set  of  Fig.  3.  Analysis  of  the  electron-electron  coincidence 
matrix  show's  the  expected  coincidence  relationships  be¬ 
tween  the  K-  and  L-conversions  emanating  from  the  two 
coincident  transitions. 

As  discussed,  the  ground-state  spin- parity  of  i74Tm 
was  deduced  to  be  4".  In  view  of  the  lack  of  a  cross¬ 
over  7- ray  transition  (it  252- keV  <  0.34  %  /7  100-keV 
)  or  a  highly-converted  M4  transition,  in  the  ‘singles’ 
conversion-electron  spectrum  (Fig.  1),  it  is  reasonable 
to  infer  that  the  100-  and  152-keV  transitions  are  of 
stretched  Ml  and  A3  character,  respectively.  A  100-keV 
Ml  transition  would  not  give  rise  to  such  a  long  half-life, 
so  the  152-100  keV  transition  ordering  is  well-defined. 
Accordingly,  the  spin-parity  spquence  is  (in  increasing 
energy  order)  either  4“  —  5~  -  8+  or  4“  —  3"  -  0+.  Only 
the  0+  assignment  for  the  252-keV  isomer  is  consistent 
with  the  known  indirect  feeding  from  the  3  decay  of  171 Er 
[16,  17]. 

Since  this  is  one  of  the  most  deformed  regions  of  the 
nuclear  chart,  the  levels  can  be  classified  by  the  lK  quan¬ 
tum  number,  equal  to  the  value  of  the  spin  of  each  intrin¬ 
sic  state.  Thus,  the  isomer  acquires  a  K*  —  0+  assign¬ 
ment.  The  identification  of  the  isomer  contradicts  the 
previous  claim  of  observing  the  100-  and  152-keV  7- ray 
transitions  in  coincidence  with  (3  particles  from  the  174Er 
ground-state  decay  [16,  17].  Transitions  with  energies 
637-,  643-,  708- ,  71 4-,  766-,  and  773-keV  were  observed 
in  both  the  LBNL  and  GST  174Er  3  decay  data  [16,  17], 
though  not  in  the  present  work,  as  an  erbium  beam  is 
not  produced  efficiently  by  the  ion  source.  These  7- ray 
transitions  likely  feed  the  Kw  =  0+  isomer,  and  originate 
from  low-spin  levels,  consistent  with  a  scenario  of  allowed 
Gamow-Teller  (3  decay.  Indeed,  the  summed  singles- 
in tensities  of  all  these  transitions  [17]  is  94(4)%  of  the 
total  (7  4-  e")  intensity  of  each  of  the  100-  and  152-keV 
transitions  (from  the  deduced  Ml  and  A3  assignments, 
respectively).  Furthermore,  a  direct  174 Er  (77r  —  O4^)— » 
174Tm(/7r  =  Corner)  Fermi- transition  will  be  strongly 
suppressed  due  to  the  non-analogue  nature  of  the  orbitals 
involved,  consistent  with  the  observed  intensity  flow. 

The  same  selection  rule  also  forbids  0  decay  of  the 
i74Tm  isomer  to  174Yb  KK  —  0+  levels.  An  upper 
limit  of  1.0(5)%  0  decay  branch  could  be  deduced  for 
such  a  forbidden  decay.  This  limit  was  determined  from 
the  peak-free  region  of  the  electron  spectrum  from  the 


2s/3s/3s  tape  cycle  after  background  subtraction  from 
the  e_-time  data.  (A  significant  branch  would  indicate 
the  importance  of  the  so-called  correction  terms  [20].) 

A  simple  structural  description  of  the  observed  states 
can  be  obtained  purely  by  considering  the  available 
single-particle  orbitals  near  the  Fermi  surface.  For 
174Tm,  the  relevant  proton  single-particle  Nilsson  or¬ 
bitals  have  quantum  numbers  l/2+[411]  and  7/2“  [523], 
at  a  calculated  quadrupole  deformation  of  h  "Ml. 2 8  [21]. 
These  orbitals  couple  with  the  neutron  Nilsson  orbitals, 
namely,  7/2“ [514],  5/2“ [512],  and  1/2" 1 521],  to  produce 
a  set  of  low-lying  intrinsic  states  in  I74Trn.  By  compar¬ 
ison  to  the  odd- A  neighbours,  the  odd  proton  of  1 7,1  I'm 
is  likely  to  be  in  the  1/24  [411]  Nilsson  orbital  (173,1,  1  pm 
Ig.s.  =  l/2+),  and  the  odd  neutron  in  the  7/2  [514] 
Nilsson  orbital  (mEr.l,'JYb  I* A  -  7/2'  ).  Following 
the  empirical  Gallagher-Moszkowski  (GM)  rules  [22],  a 
coupling  of  the  orbitals  7rl/2_h[41 1] :  v 7/2'  [514],  a  spin- 
parallel  triplet,  state,  is  especially  energetically  favored, 
and  gives  rise  t.o  the  ground-state  spin-parity  of  KK  ■  i_. 

The  observation  of  allowed- unhindered  6  decay  to  the 
Kn  —  5“  states  in  mYb  lends  further  support  to  this 
assignment  [18]. 

The  KK  3“  state  at  100-keV  is  suggested  to  be  the 
singlet  coupling  of  the  GM-doublef  arising  out  of  the 
same  orbitals,  7rl/2+[4llj  o  i/7/2~[514].  The  100-keV 
Ml  transition  is  then  a  K -allowed  transition  between 
the  GM -doublet  members.  Indeed,  calculations  based 
on  the  Quasi-Particle  Phonon  Model  (QPM)  predict  the 
two  lowest-lying  intrinsic  states  in  '  1  Tin  as  a  result  of 
such  a  coupling,  and  the  calculated  splitting  of  94-keV  is 
very  close  to  the  observed  splitting  of  100-keV  (neglecting 
zero-point  rotational  motion)  [11].  The  contribution  of 
this  quasiparticle  configuration  is  about  66%  and  639?  in 
the  triplet  and  singlet  states,  respectively;  a  small  contri¬ 
bution  of  12%  is  calculated  to  arise  from  a  Q22  collective 
vibration. 

The  K"*  =  0+  state  at  252-keV  is  seen  to  result  from  a 
favored  coupling  of  the  tt7/2“[523]  ®  i/7/2“[514]  Nilsson 
orbitals.  The  152-keV  A3  transition  is  then  a  A -allowed 
proton-hole  transition  from  the  intruder  h\  1/2 (■•■'7*9/2)  or¬ 
bital  to  the  normal-parity  c/3/ 2  orbital.  Incidentally,  for 
this  configuration  the  protons  and  neutrons  occupy  the 
spin-orbit  partners  of  the  Ih  orbital;  such  states  are, 
supposedly,  highly  favored  due  to  an  attractive  proton- 
neutron  interaction.  The  152-keV  transition  occurs  be¬ 
tween  two  intrinsic  states  differing  only  in  the  proton  or¬ 
bital,  while  the  neutron  orbital  is  a  spectator.  Likewise, 
the  100-keV  transition  involves  a  proton  spin- flip.  Thus, 
the  two  observed  transitions  in  the  decay  scheme  of  the 
2.29  s  isomer  can  be  explained  as  being  A -allowed  transi¬ 
tions  that  occur  between  three  deformed  intrinsic,  states 
involving  only  proton  excitations.  In  welt-deformed  odd- 
odd  nuclei,  in  addition  to  the  usual  -selection  rule, 
there  is  a  two- par  tide  transition  selection  rule  involv¬ 
ing  the  so  called  “non-overlap”  forbi  den  ness,  such  that  a 
simultaneous  change  of  proton  and  neutron  intrinsic  con¬ 
figurations  is  severely  hindered  [23].  The  proposed  exci- 
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tation  scheme  is  consistent  with  the  requirements  of  these 
two  selection  rules.  From  the  measured  half-life  of  2.29  s, 
a  B(E3)  value  of  0.021(1)  W.u.  (using  theoretical  value 
of  Qt(thco) (totai)  =  6.61)  or,  using  the  measured  con¬ 
version  electron  coefficient  a(expt.)^-\-L-M)  —  5.5(5), 
a  B(EZ)  value  of  0.024(2)  W.u.  could  be  deduced  for  the 
152  keV,  Kw  =  0+  — ►  K *  =  3  ',  transition.  In  terms  of 
the  hindrance  factor,  defined  as  [24] 

T\/u~,  (experiment) 

w  ~  Tu^(Wei.s.ikapf)'  1  j 

the  A3  transition  is  calculated  to  have  Fw  =  42(4) 
(a{<U'pi.)(K-+i+M)=5. 5(4))  or  48.7(2)  {a{theo)(lotnL)  = 
6.61)  ,  which  is  well  within  the  prescribed  range  for  a 
A"- all  owed  A  A'  3,  A3  decay  [24] . 

In  summary,  through  7-ray  and  conversion  electron 
spectroscopy  the  excitation  energy  arid  decay  properties 
of  the  2.29  s  isomeric  level  in  1 '  'Tm  have  been  firmly  es¬ 
tablished.  The  results  of  three  different  experiments  [15— 
17]  can  be  combined  to  explain  all  the  data  consistently 
with  a  minimum  number  of  states.  The  isomeric  level 


is  characterized  by  a  K *  —  0H"  assignment  and  the  two 
coincident  7-ray  transitions  involve  mainly  proton  exci¬ 
tations.  The  deduced  transition  rate  is  hindered  but  well 
within  the  prescribed  limits  of  if -allowed  A3  decays.  It  is 
important  for  future  experiments  on  heavy  neutron-rich 
nuclei  that  there  should  be  simultaneous  measurements 
of  both  7-rays  and  conversion  electrons,  in  order  to  derive 
unambiguous  level  schemes. 
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TABLE  I:  Relative  7-ray  intensities,  experimental  and  theo¬ 
retical  internal  conversion  coefficients  TCP) 
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FIG.  1:  The  short-lived  singles  7- ray  spectrum  showing 
prominently  the  Tm  K  X-rays  and  the  100-  and  152-keV  7- ray 
transitions.  The  5.4  nr  1  ,  lTm  ground-state  ,0- decay  compo¬ 
nent.  has  been  subtracted.  The  inset  shows  the  growth  and 
decay  of  the  isomer  gated  by  the  100- Ice V  7-rav  transition. 
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FIG.  3:  The  conversion-electron  spectrum  gated  by  the  1 00- 
keV  7-ray  transition.  The  earlier  [15,  17],  incorrect,  M 1- 
mnltipole  assignment  for  the  152-keV  transition  would  have 
given  rise  to  strong  K-convcrsion  and  very  little  L-  and  M- 
conversion.  The  inset  depicts  the  isomer  decay-scheme  as  a 
result  of  the  present  work. 
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ABSTRACT 

Experiments  on  production  of  the  long-lived  l78ra2Hf  isomer  in  reactor  irradiations  are 
described.  Properties  of  this  nuclide  are  promising  for  its  potential  application  as  a  relatively 
safe  power  source  characterized  by  high  density  of  accumulated  energy.  Metal  natHf  samples 
were  activated  in  the  Dubna  IBR-2  reactor  at  positions  corresponding  to  different  neutron 
fluxes.  Samples  were  bare  or  shielded  by  Cd  and  CB4  layers.  The  gamma  activity  of  the 
samples  was  analyzed  with  Ge  gamma  spectrometers  during  a  two-year  period  following  their 
irradiation.  In  the  presence  of  the  dominant  activation  products  17:>Hf  and  mHf,  the  high-spin 
isomers  178"'JHf  and  I79m“Hf  were  also  detected  despite  relatively  low  levels.  The  isomer-to- 
ground-state  ratios  and  cross-sections  were  determined  from  the  measured  yields.  For  l78m7Hf, 
the  cross  section  for  bumup  (destruction)  by  neutron  capture  after  its  production  was  also 
estimated,  clarifying  the  results  from  earlier  experiments.  In  the  context  of  suggestions  for 
use  of  178m2Hf  for  applications,  the  results  confirm  that  large-scale  production  of  this  isomer 
by  reactor  irradiations  is  not  feasible.  In  contrast,  the  efficiency  of  production  for  179w2Hf  is 
much  higher  and  an  amount  of  about  1016  atoms  may  be  produced  in  standard  reactor 
irradiations.  For  178ni2Hf,  more  productive  methods  are  known,  in  particular  fast  neutron 
irradiations  at  En  >  14  MeV  and  spallation  reactions  at  intermediate  energies.  Neutron  cross- 
sections  for  isomers  may  also  be  significant  in  astrophysics. 
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I.  INTRODUCTION 


High  energy-density  sources  are  needed  for  modern  aero-space  devices  and  for  other 
applications.  A  compact,  portable  and  safe  source  can  attract  an  attention  of  engineers  of 
different  specializations.  The  isotopes,  like  n8Pu  and  210Po  were  used  since  many  years,  but 
their  disadvantage  was  entirely  clear  because  such  a  source  being  destructed  should  create  a 
biologically  dangerous  a-radioactive  pollution.  Other  nuclear  power  sources  are  ecologically 
dirty  as  well.  During  recent  years,  an  interest  has  appeared  to  the  energy  stored  by  nuclear 
isomers.  The  178m2Hf  isomer  is  recognized  in  literature  as  most  promising  because  it  does  not 
create  daughter  radioactive  products  longer-lived  than  4  s,  emits  only  photons  and  soft 
electrons  and  is  characterized  by  high  energy  density  of  1.3  GJ/g.  This  would  be  a  source  of 
relatively  clean  nuclear  energy,  which  is  not  very  dangerous  even  in  a  view  of  accidental 
destructions.  Possible  ways  for  energy  release  due  to  a  triggering  of  1,Sttl2Hf  by  some 
external  stimulus  (like  X-rays)  were  discussed  in  special  literature,  but  were  not  clarified  until 
now.  However,  even  without  stimulation  this  long-lived  (T\n  =  31  y)  source  can  find  an 
application  as  a  power  supply  unit  for  microelectronics  devices  in  systems  restricted  in  the 
size  and  weight.  Therefore,  it  would  be  important  to  find  relatively  simple  and  inexpensive 
method  for  massive  production  of  l78m2Hf.  Reactor  irradiations  are  known  to  be  most 
productive  for  accumulation  of  radioactive  isotopes,  and  the  reactor  yield  of  the  178m2Hf 
isomer  has  been  measured  in  the  present  work. 

Total  and  activation  cross-sections  as  well  as  resonance  parameters  for  slow  neutron 
radiative  capture  may  be  found  for  stable  Hf  isotopes  in  the  tabulations  of  Refs.  [1,  2].  It  is 
well-known  that  the  main  activity  induced  in  natural  hafnium  targets  is  due  to  the  production 
of  l75Hf  (70-day  halflife)  and  18lHf  (42-day  halflife)  after  (n,y)  reactions.  In  addition,  the 
short-lived  first  metastable  {mi)  isomers  of  178Hf,  179Hf  and  180Hf  are  also  formed  with  cross- 
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sections  that  are  sufficient  for  successful  detection.  However,  the  production  of  high-spin 
second  metastable  {m2)  isomer  via  {nfy)  reactions  in  isotopes  like  178Hf  and  179Hf  are  more 
problematic.  Only  recently  has  a  measurement  appeared  in  the  literature  for  the  production  of 
f  =  (25/2  )  l79m2Hf  [3].  The  production  of  the  famous  J*  =  16+  isomer  I7Xm2Hf  was  reliably 
detected  from  its  activity  in  1973  [4],  but  the  cross  section  was  deduced  using  some 
assumptions  that  deserve  additional  investigation. 

The  population  of  high-spin  states  following  neutron  capture  may  be  expected  to  have 
a  rather  low  probability  due  to  the  need  for  their  population  by  stretched  cascades  of  many  y 
rays.  This  type  of  cascade  is  characterized  statistically  by  a  relatively  low  yield.  High- 
fluence  irradiations  are  normally  required  in  order  to  produce  an  observable  activity  for  such 
low-yield  products,  but  this  introduces  another  complication  in  that  a  significant  "bumup,"  or 
depletion,  of  the  produced  nuclei  may  occur.  For  some  products  the  destruction  cross-section 
can  be  higher  than  1,000  bams.  Therefore,  fluences  above  0.5  x  1021  n/cm2  should  be  avoided 
to  produce  negligible  bumup,  or  the  remaining  activity  after  irradiation  would  suggest  a 
production  cross-section  that  was  significantly  underestimated. 

Fast  neutrons  within  a  reactor  spectrum  are  sometimes  useful  for  isomers  production 
via  (n,  n'y)  reactions.  These  reactions  may  complicate  the  analysis  of  experiment  and  must  be 
kept  in  mind  when  designing  experiments  for  the  measurement  of  low-yield  exotic 
radionuclides  by  reactor  irradiations.  In  the  present  work,  the  production  of  the  high-spin 
isomers  178/w2Hf  and  179m2Hf  isomers  was  observed  and  quantitatively  characterized,  taking 
into  account  such  factors.  These  measurements  therefore  serve  to  augment  the  existing  data 
obtained  in  high-flux  irradiations  for  the  former  isomer  [4]  and  to  provide  new  information 
for  the  latter  [3].  The  bumup  of  178ra2Hf  by  {n,  y)  reactions  was  also  investigated,  expanding 
the  results  of  Ref  [5]. 
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II.  EXPERIMENTAL  DETAIL 


In  a  first  series  of  experiments,  metal  Hf  samples  of  about  20  mg  were  irradiated  in  an 
outer  channel  of  the  IBR-2  Dubna  reactor  of  the  Frank  Laboratory  of  Neutron  Physics,  Joint 
Institute  for  Nuclear  Research.  Metal  Hf  targets  of  natural  isotopic  composition  are 
advantageous  as  compared  to  an  enriched  target  in  their  chemical  purity  and  lower  resonance- 
absorption  factors.  The  standard  method  of  Cd  difference  was  applied  for  the  isolation  of  the 
separate  effects  of  thermal  and  epi-Cd  neutrons.  The  neutron  spectrum  at  the  location  of  the 
targets  was  well-known  from  previous  experiments,  but  NiCr-alloy  samples  were  nevertheless 
irradiated  as  spectators.  The  activity  of  5ICr  served  to  calibrate  the  slow  neutron  flux  while 
58Co  was  produced  in  a  reaction  with  fast  neutrons  at  En  >0.8  MeV  and  was  used  for 
calibration  of  the  fast  neutron  flux. 

Following  their  irradiation,  the  activity  of  the  samples  was  studied  using  a  20% 
efficiency  HPGe  gamma  detector.  The  spectroscopic  system  allowed  a  count  rate  up  to 
15  kHz  while  preserving  a  reasonable  dead  time  less  than  25%  and  a  spectral  resolution  on  a 
level  of  1.8  keV  for  the  60Co  lines.  Standard  test  sources  (152Eu  and  others)  were  used  for 
energy  and  efficiency  calibrations  of  the  y  spectrometer. 

In  measured  spectra  from  the  activated  Hf  samples,  y  lines  were  observed  and  their 
peak  areas  quantitatively  determined  for  the  following  radionuclides:  1  ’Hf  179m2Hf  180wHf 
and  I8tHf.  The  bulk  of  the  activity  was  due  to  l75Hf  (70  d)  and  18IHf  (42.4  d)  formed  in  {n,  y) 
reactions.  Negligible  activity  was  contributed  from  admixtures  of  other  elements  in  the  Hf 
material.  Only  Zr  was  present  in  a  quantity  of  about  3%,  while  the  concentration  of  other 
elements  was  estimated  to  be  on  the  level  of  less  than  1  ppm.  The  detected  yields  of  17:?Hf  and 
l8(Hf  were  used  as  additional,  intrinsic  calibrators  of  the  neutron  fluxes  and  then  the  thermal 
cross-section  a>^(0.44±0.02)  b  and  resonance  integral  Ir  =(5. 8+0. 7)  b  were  deduced  for 
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1S0,nHf  production  in  the  179Hf(/?,  y)  reaction.  The  resulting  values  were  in  good  agreement 
with  the  tabulated  data  [1],  confirming  the  accurate  calibration  of  the  neutron  flux  in  these 
irradiations. 

A  yield  of  the  high-spin  179w7Hf  isomer  was  detected  and  clearly  originated  from 
reactions  with  fast  neutrons,  since  the  effect  of  thermal  neutrons  was  found  to  be  insignificant 
for  its  production.  This  conclusion  was  definite  because  bare  and  Cd-shielded  samples 
showed  the  same  activity  of  l79m2Hf  within  the  standard  error.  No  y  lines  from  l78m2Hf  were 
observed  in  this  first  series  of  irradiations,  reflecting  its  low  production  yield  and  the  presence 
of  much  higher  activities  of  other  nuclides. 

A  second  series  of  experiments  was  performed  in  order  to  significantly  improve  the 
sensitivity  of  the  measurements  for  detection  of  the  low-yield  isomers.  At  the  same  position 
in  the  outer  channel,  a  larger  Hf  sample  was  placed  for  a  longer  duration.  The  sensitivity  was 
improved  by  three  orders-of-magnitude,  but  this  was  still  insufficient  for  observation  of 
178m~Hf.  A  strong  increase  in  the  neutron  flux  was  then  sought  to  increase  the  production  of 
this  isomer.  In  the  reactor,  an  inner  channel  was  available  that  allowed  an  irradiation  near,  but 
outside,  the  active  core  within  a  cylindrical  region  shielded  by  a  3-mm  layer  of  CB4.  A  Hf 
sample  was  exposed  there  for  eighteen  days,  after  which  decay  of  the  resulting  activity  was 
followed  for  two  years.  Finally,  activity  of  178m7Hf  was  successfully  observed  and  its  yield 
determined  after  the  third  series  of  irradiations. 

At  the  inner  location,  the  thermal  flux  was  determined  in  earlier  experiments  to  be 
about  0.5  x  1012  neutrons/(cm2  s),  thus  during  the  eighteen-day  irradiation  a  fluence  near  1018 
n/cm2  could  be  accumulated.  In  the  present  experiments,  the  value  of  flux  was  not  used 
explicitly  since  all  measurements  were  carried  out  in  a  relative  mode  by  comparing  the 
activities  of  I78m2Hf,  l79m2Hf  and  1S0mHf  nuclei  to  those  of  spectators  and  intrinsic  calibrators 
I75Hf,  18lHf  and  9!>Zr  which  were  present  within  the  targets.  Such  a  method  is  reliable  and 
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accurate  in  the  presence  of  shields.  Data  processing  requires  special  care  for  high-sensitivity 
measurements  of  neutron-production  cross  sections.  The  bumup  of  isomeric  nuclei  produced 
during  the  irradiation  must  be  taken  into  account  when  the  neutron  fluence  exceeds  102° 
n/cm2.  In  the  present  irradiations,  however,  even  in  the  inner  channel  the  fluence  was  100 
times  lower.  This  is  due  to  the  fact  that  IBR-2  is  a  pulsed  reactor  constructed  specially  for 
time-of-flight  spectroscopy,  not  to  achieve  a  high  mean  power.  With  this  fluence,  bumup  of 
high-spin  hafnium  isomers  or  other  double  neutron-capture  reactions  may  be  expected  to  have 
a  probability  below  10'3  compared  to  the  probability  for  single  neutron  capture.  Nevertheless, 
some  excess  activity  of  1S2Ta  was  detected  beyond  that  which  could  be  attributed  to  single 
neutron  capture  on  a  small  admixture  of  1S[Ta  in  the  target.  This  excess  production  of  182Ta 
was  likely  due  to  the  double  neutron  capture  process:  l80Hf<y?,  ^)18lHf  — »  18LTa(w,  y)^ "Ta. 

Also,  in  order  to  achieve  a  higher  absolute  yield  of  l78m2Hf  in  the  second  and  third 
experimental  series,  relatively  thick  metal  samples  were  used.  Self-absorption  of  thermal  and 
resonance  neutrons  could  not  be  neglected  for  these  thicker  samples,  which  were  rods  of  l- 
mm  cross-sectional  dimension. 

The  well-known  equation  describing  the  reaction  rate  per  target  nucleus  when  exposed 
to  comparable  fluxes  of  thermal  and  resonance  neutrons  is 

r  =  i(Jlh+T)F,h  ,  (1) 

where  Fth  is  the  thermal  neutron  flux.  The  coefficient  k  reflects  the  particular  characteristics 
of  the  spectrum  of  irradiating  neutrons,  being  a  fixed  constant  for  a  definite  location  of  each 
irradiation  station  in  a  specific  reactor.  It  may  be  defined  approximately  as 

k  =  ^rln(£2  IE\)  ,  (2) 

where  Ej  and  E 2  define  the  "resonance”  range  of  neutron  energies  and  Fres  is  the  flux  of 
resonance  neutrons.  For  simplicity,  one  can  introduce  the  notation: 
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(3) 


In  the  first  series  of  experiments,  the  numerical  value  k  =  5  was  determined  and  this  was  in 
agreement  with  extensive  previous  measurements  carried  out  in  the  outer  channel  of  the  IBR- 
2  reactor.  The  outer  and  inner  channels  used  in  this  work  are  separated  by  only  air  and  a 
shutter  which  is  opened  when  the  outer  channel  is  used.  Thus,  the  same  value  of  k  was  used 
for  irradiations  at  the  inner  location,  while  the  effect  of  CBA  and  self-shielding  was  considered 
separately  as  described  below. 

The  production  rate  of  some  nuclide  in  a  target  of  definite  composition  and  mass  can 
be  expressed  as  follows: 


dN 

di 


Na  com 

Jf 


(4) 


where  NA  is  Avogadro’s  Number,  c  is  the  mass  concentration  of  the  element  of  interest  in  g/g, 
a  is  the  abundance  of  a  particular  isotope  of  that  element,  m  is  the  total  mass  of  the  irradiated 
target  and  Jt  is  the  atomic  mass  of  the  element.  The  and  Tres  factors  are  dimensionless 
attenuation  coefficients  reflecting  self-absorption  in  the  target  layer  for  thermal  and  resonance 
neutrons,  respectively.  Each  may  reach  a  maximum  value  of  unity  for  targets  of  negligible 
thickness  or  be  significantly  smaller  for  thick  targets. 

Equation  (4)  describes  the  ( n,y )  capture  reaction  with  slow  neutrons.  The  F&  and  k 
parameters  represent  characteristics  of  the  reactor,  while  all  but  one  of  the  other  parameters 
must  be  specified  for  a  definite  nuclide  in  the  target,  i.  e.  the  capturing  isotope.  The  lone 
exception  is  the  factor  r,/„  which  is  a  unique  parameter  characteristic  of  all  reactions  with 
thermal  neutrons  in  a  target  of  specific  composition  and  thickness  and  is  independent  of  the 
particular  capturing  isotope.  Unlike  zres  is  individualized  because  the  resonance  energies 
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and  peak  cross-sections  are  extremely  specific  to  each  isotope  and  vary  irregularly  from  one 
nuclide  to  another.  Strong  absorption  near  the  resonance  peak  for  one  isotope  may  produce 
absolutely  no  influence  on  the  resonances  of  other  nuclides.  The  partial  thickness  of  the 
target  corresponding  to  the  individual  isotopes  will  also  depend  on  c,  a  and  Ji \  and  this  is 
important  for  resonance  neutron  absorption. 

In  the  outer  channel,  neither  the  first  nor  the  second  series  of  irradiations  were 
sufficiently  intense  to  produce  a  detectable  yield  of  I78m2Hf.  However,  the  dominant  activities 
of  1 75Hf,  l81Hf  and  95Zr  were  measured  with  high  accuracy.  Using  Eq.  (4),  the  concentration 
of  Zr  was  evaluated  numerically,  as  well  as  the  z(h  coefficient  specific  to  the  target  and  the 
resonance  absorption  coefficient  rres  specific  to  18lHf  production  via  the  l80Hf(/7,;z)  reaction. 
For  175Hf  and  95Zr,  resonance  absorption  was  insignificant  due  to  the  low  concentration  of 
174Hf  and  94Zr  nuclides  within  the  target.  These  evaluated  parameters  were  then  employed  in 
the  analysis  of  the  measurements  carried  out  following  the  irradiation  near  the  active  core  that 
had  much  higher  flux. 

In  this  inner  location,  the  thermal  neutron  flux  was  strongly  attenuated  (almost 
absorbed  entirely)  by  the  3-mm  thick  CB4  shield,  while  the  transmission  of  neutrons  was  also 
influenced  at  other  energies  below  20  eV.  No  sharp  cut-off  occurs  since  the  total  cross- 
section  of  boron  varies  smoothly  with  neutron  energy.  Therefore,  activation  by  thermal 
neutrons  could  be  excluded  and  the  effect  of  resonance  neutrons  was  characterized  by  a 
corrected  resonance  integral  I}(corr)  as  follows: 


Iy  ( corr )  =  ly 


^max 

je„'z(£„)Sr„dEl, 

0 _ 

max 

\E-'gr„dE„ 

0 


(5) 
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where  Iy  is  the  tabulated  resonance  integral,  %{En)  is  the  calculated  transmission  function 
through  the  CB4  filter,  and  grn  is  the  resonance  strength  obtained  from  the  data  of  Ref  [1]. 
Using  so-calculated  I^corr)  values,  one  can  calibrate  the  resonance  neutron  flux  inside  the 
CB4  shield,  again  determined  from  the  measured  activities  of  high-yield  175Hf  and  18IHf.  For 
both  isotopes  the  self-absorption  coefficients  rres  are  known  from  the  outer-channel 
experiment  described  above,  but  the  rres  value  corresponding  to  production  of  178m2Hf  in  the 
177Hf(/?,x)  reaction  was  not  calibrated.  Although  one  may  assume  stronger  absorption  for 
I77Hf  than  for  180Hf,  taking  into  account  the  resonance  strengths  for  both  nuclides.  A  more 
precise  estimate  for  the  r,,>,  of  177Hf  was  obtained  on  the  basis  of  the  resonance  excitation 
function  given  in  Ref  [2],  as  compared  to  180Hf. 

Finally,  the  total  number  of  resonance  neutron  capture  events  by  l77Hf  nuclei  in  the 
target  was  deduced.  From  this  value  the  isomer-to-ground  state  ratio  aJ<jg  may  be 
determined  for  178Hf  whenever  activity  of  I78m2Hf  is  measured. 

III.  RESULTS 

In  gamma  spectra  measured  after  two-years  cooling  of  the  Hf  sample  exposed  to  a 
fluence  of  about  1018  n/cm2  (in  the  inner  channel),  characteristic  lines  from  17Sm2Hf  decay 
were  found  as  shown  in  Fig.  1.  Their  intensities  were  still  much  lower  than  the  lines  resulting 
from  the  dominant  175Hf  and  18lHf  activities.  This  could  be  expected  for  the  31-year-lived 
isomer,  which  should  be  produced  with  a  low  yield  that  is  suppressed  by  its  high  angular 
momentum  and  resulted  in  an  isomer-to-ground  state  ratio  on  the  level  of  about  1 0"  or  less. 
The  spectrum  contains  many  lines  of  different  origin,  including  those  from  activated 
admixtures  within  the  sample,  from  natural  background  and  from  summations  of  the  gamma 
rays  with  characteristic  X-  rays  of  the  emitting  atoms  within  the  sample  and  the  Pb  within  the 
detector  shield.  The  panels  in  Fig.  I  show  gamma  lines  from  l78m2Hf  decay  as  well  as  some 
other  lines  that  are  not  related  to  this  analysis. 
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Fig-1 

Table  1  gives  the  number  of  counts  detected  for  gamma  transitions  from  l78m2Hf  decay 
at  426.4,  495.0  and  574.2  keV,  in  comparison  with  the  major  lines  of  l75Hf  and  181  Hf  Lines 
from  178m2Hf  at  lower  energies  were  completely  obscured  by  the  large  Compton  background 
despite  the  cooling  period.  The  statistical  error  in  the  peak  area  of  the  line  at  574.2  keV  is 
poor  because  this  lies  near  the  strongly-manifested  Compton  ridge  due  to  y  lines  from  Q"Zr 
and  °^Nb  detected  at  energies  of  about  750  keV.  Better  accuracy  was  reached  for  the  other 
two  lines  and  the  observed  intensities  were  sufficient  to  define  the  number  of  l78m2Hf  nuclei 
within  the  activated  target,  taking  into  account  all  necessary  factors  of  efficiency  and  decay. 
By  comparing  this  number  to  the  calculated  total  number  of  rnHf(nf  y)  events,  as  described 
above,  this  gave  the  experimentally  measured  cWex,  ratio  for  178Hf.  The  latter  value  was 
determined  for  resonance  neutrons  transmitted  through  the  CB4  filter.  However,  a  similar 
ratio  should  be  valid  for  slow  neutrons  in  general,  including  thermal  neutrons.  Such 
regularity  has  been  experimentally  confirmed  in  many  cases  when  the  af„/ag  ratio  was 
determined  both  from  measured  <jtk  and  Ir  values,  e.  g.  the  case  of  the  1S0mHf  isomer  [1]. 

Taking  the  <JmJ&g  ratio  so-obtained  and  then  using  the  known  [1]  ath  and  I7 parameters 
for  the  rnHf(n,  f)  reaction,  the  partial  ath  and  Ir  for  population  of  17SWHf  were  deduced.  The 
accuracy  of  this  result  cannot  be  expected  to  be  very  high  due  to  the  modest  statistics  (see 
Table  1).  In  principle,  however,  the  present  data  were  taken  under  more  clean  conditions  than 
in  previous  measurements  reported  in  the  literature  and  should  be  reliable. 

Neutron  capture  cross-sections  for  Hf  nuclides  are  summarized  in  Table  2  with 
literature  data  taken  from  Ref.  [i]-  The  present  results  are  given  for  the  reactions  of  particular 
interest,  1?7Hf(n,  y)mm2 Hf,  l78Hf(n,  y)mm2 Hf  and  l7X"'7Hf(«,  x)l7^'m7Hf.  The  latter  reaction 
which  is  responsible  for  l78m2Hf  destruction  (bumup)  may  be  especially  exotic  and  is 
discussed  in  more  detail  below. 
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More  than  thirty  years  ago,  activity  of  the  I78m2Hf  isomer  was  observed  [4]  from 
isotopically-enriched  hafnium  targets  irradiated  within  a  high-power  reactor.  Gamma  spectra 
of  this  isomer  were  carefully  studied  using  state-of-the-art  techniques  available  at  that  time. 
However,  the  production  cross  section  given  in  Ref.  [4]  may  not  be  very  accurate  because  it 
was  determined  by  only  considering  the  effect  of  thermal  neutrons,  neglecting  the  resonance 
neutron  flux,  and  assuming  that  the  “bumup”  (destruction)  cross  section  was  at  a  rather  low 
level  of  less  than  20  b.  It  is  well-known  that  a  purely  thermal  flux  does  not  exist  in  any 
reactor  near  its  active  core  and  the  presence  of  resonance  neutrons  changes  the  yields  of 
reaction  products.  Also  the  178m2Hf  yield  could  be  strongly  reduced  due  to  the  bumup  process 
at  the  fluences  applied  in  the  work  of  Ref.  [4],  >  1021  n/cm2.  The  degree  of  bumup  definitely 
depends  on  the  values  of  oth  and  Iy  for  the  isomeric  nucleus,  but  the  relatively  low  afh  given 
in  Ref.  [4]  was  unexpected. 

Values  of  <j(h  and  Iy  for  neutron  capture  show  for  many  nuclei  a  correlation  with  the 
level  density  of  neutron  resonances.  Standard  estimations  using  the  Gilbert-Cameron  formula 
[6],  verified  by  known  neutron  resonance  densities  for  various  nuclides,  predict  a  much  higher 
resonance  density  for  l78m2Hf  than  that  known  for  the  l78gHf  nucleus.  The  former  nucleus  may 
be  characterized  by  a  level  density  comparable  with  the  measured  resonance  density  for  I77Hf, 
or  perhaps  even  larger.  Thus,  similar  values  of  (j(h  and  Iy  can  be  expected  for  17Sm2Hf  and 
177Hf  nuclei  and  these  are  much  larger  than  the  20  b  used  in  Ref.  [4].  Recently,  the  bumup 
cross-section  due  to  thermal  neutrons  was  measured  in  Ref.  [7]  for  the  177mLu  isomer  and  a 
value  of  <7th  —  590  b  was  obtained,  including  both  neutron  capture  and  superelastic  scattering 
components.  Noting  that  I77mLu  also  possesses  high  spin  and  excitation  energy  similar  to 
I7Sm2Hf,  one  may  expect  them  to  have  comparable  bumup  cross-sections.  Such  arguments 
motivated  the  present  independent  measurements  of  the  I78m2Hf  production  cross  section  in 
reactor  irradiations  and  an  evaluation  of  the  role  of  bumup  which  depends  on  neutron  flux. 


12 


There  is  no  doubt  that  the  number  of  produced  178m7Hf  nuclei  was  determined  correctly 
in  the  earlier  experiment  [4],  although  the  cross-section  was  underestimated  by  a  factor  of  10 
using  an  incorrect  approximation.  Now  that  yield  [4]  may  be  taken  and  combined  wiLh 
appropriate  corrections  so  that  it  can  be  compared  with  the  present  cross-sections.  To  make 
this  recalculation  of  the  cross  section  corresponding  to  the  earlier  experiment,  the  following 
assumptions  are  made: 

1 .  The  effective  cross-section  of  Eq.  (3)  is,  in  general,  appropriate  to  account  for  the 
contribution  of  resonance  neutrons. 

2.  An  effective,  or  net,  production  cross-section,  apr0,  calculated  with  the  and  Ir 
from  the  current  experiment,  should  be  valid  for  the  conditions  of  Ref.  [4]  when  an 
appropriate  value  of  k  =  20  (suitable  for  a  well-thermalized  spectrum  as  would  be 
expected  for  that  experiment)  is  taken. 

3.  The  yield  of  l78m2Hf  measured  in  Ref  [4]  in  a  high-Jluence  irradiation  may  then  be 
reproduced  with  the  calculated  apro  by  taking  into  account  a  much  larger  bumup 
effect  than  was  assumed  in  the  earlier  work. 

Following  this  approach,  the  effective  cross-section  for  bumup  in  the  l78'""HP (n,  y) 
reaction  was  deduced.  The  accumulation  of  a  given  product  nucleus  in  the  presence  of 
bumup  is  given  by 


Ntcr„, 


(cr,  l 


® hum ^ 


(6) 


where  N„et  and  N(  are  the  net  number  of  product  nuclei  and  the  number  of  target  nuclei  at  the 
start  of  the  irradiation,  respectively,  0  is  the  neutron  fluence,  o^um  and  <jt  are  the  capture 
cross-sections  that  take  into  account  the  bumup  of  the  product  and  target  nuclei,  respectively. 
The  Gpro  value  is  the  physical  production  cross-section  without  bumup.  All  a  values  are 
defined  to  be  effective,  as  in  Eq.  (3). 
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Combining  the  present  production  cross-section  results  with  the  yield  measurements 
of  Ref.  [4]  as  described  above,  the  effective  burnup  cross-section,  oburn ,  was  deduced  for  the 
l78mJHf  isomer  using  Eq.  (6).  This  effective  cross-section  is  a  linear  combination  of  &&  and  Ir 
values  summed  for  two  exit  channels  of  the  capture  reaction,  together  corresponding  to  the 
formation  of  ,79Hf  product  nuclei  in  either  its  ground  state  (g)  or  its  25-day-lived  m2  state. 

Fortunately,  decomposition  of  obwn  was  possible  because  a,h  and  Ir  parameters  have 
already  been  directly  measured  for  production  of  179m2Hf  after  irradiation  of  I7Sm2Hf  in  Ref 
[5],  The  ground-state  yield  may  also  be  determined  by  subtraction  of  the  179m2Hf  contribution 
from  the  total  burnup  yield  of  I78m2Hf.  It  was  assumed  that  the  ratio  cjm2! Og  for  production  of 
i79m^Hf  and  l7<^Hf  nuclei  in  neutron  capture  by  178m2Hf  should  be  approximately  the  same  for 
both  thermal  and  resonance  neutrons.  The  partial  <jfh  and  /;,for  the  nHm2Hf(n,  ^l79^Hf  branch 
are  therefore  deduced  and  should  be  added  to  the  previously  known  values  for  the  branch  of 
the  reaction  that  populates  179m2Hf.  Thus,  the  burnup  of  1 78/77  7Hf  due  to  neutron  capture 
reactions  is  now  characterized  by  the  total  cr,A  and  Iy  values,  although  with  only  modest 
accuracy.  Nevertheless,  the  general  behavior  of  production  and  burnup  processes  has  been 
clarified  by  the  present  experiment. 

Table  3  compares  the  cross-sections  for  I78m2Hf  production  in  reactions  with  slow  and 
fast  neutrons.  The  upper  limit  therein  for  the  178Hf(«,  n  'y)  reaction  was  detennined  based  on 
the  present  measurements.  Fast  neutrons  with  En  >  3  MeV  could,  in  principle,  activate  the 
I78m2Hf  state  located  at  a  2.446-MeV  excitation  energy.  Fast  neutrons  can  certainly  penetrate 
through  the  CB4  shield  without  significant  absorption  and  their  flux  was  measured  by 
activation  of  a  Ni  spectator.  Thus,  a  cross-section  can  be  deduced  for  fast  neutron  production 
of  178m”Hf  if  its  production  is  attributed  to  the  (n,  n  y)  reaction.  However,  the  values  of  <jm2 
and  <Jm2/<Jg  obtained  in  such  a  manner  are  unphysically  large  when  the  reaction's  the  spin 
deficit  ofzU-3 1/2  is  considered  for  a  hypothetical  I78Hf(u,  n  y)l78m2Hf  reaction.  Recall  that 
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AJ  =  Jm  -  Jt  -  1/2.  Finally,  it  was  assumed  that  the  deduced  cross-section  for  fast-neutron 
production  of  178m2Hf  is  just  an  upper  limit,  while  the  dominant  means  of  producing  this 
isomer  is  due  to  slow  neutron  capture.  The  179Hf(n,  2/?)  reaction  with  14.5-MeV  neutrons  was 
characterized  in  Refs.  [8,  9].  The  efficient  production  of  I78m2FIf  in  that  reaction  makes  it  one 
of  the  best  methods  for  accumulation  of  this  isomer,  but  the  achievable  flux  of  14-MeV 
neutrons  restricts  the  real  use  of  this  reaction  for  large-scale  manufacture.  In  the  case  of 
reactor  irradiations,  neutrons  with  energies  greater  than  10  MeV  appear  with  very  low 
probability. 

Table  4  summarizes  cross-sections  for  r/9m2Hf  production  which  are  described  in  more 
detail  in  Ref.  [3].  In  that  work  it  was  explained  that  the  main  production  mechanism  was  the 
( n ,  n'y)  reaction,  unlike  the  situation  found  now  for  l78'"2Hf  production.  The  difference  may 
be  attributed  primarily  to  the  spin  deficit  (AJ)  values,  which  causes  a  preference  in  the  (n,  y) 
reaction  for  I78m2Hf,  but  in  the  (n,  n'y)  reaction  for  l79m2Hf.  The  absolute  cross-section  for 
,7WHf  production  is  not  particularly  low  and  in  standard  reactor  irradiations  quantities  as 
large  as  pig  l79m2Hf  could  be  accumulated.  Nanogram  amounts  are  achievable  for  1  78'J)2Hf,  but 
this  would  appear  to  be  insufficient  for  applications  or  for  using  the  isomer  as  target  or  beam 
nuclei  in  experiments. 

IV.  DISCUSSION 

The  results  summarized  in  Tables  2-4  permit  the  plot  of  Fig.  2,  showing  the 
systematics  of  the  isomer-to-ground  ratio  versus  spin-deficit  for  production  of  hafnium 
isomers.  This  plot  leads  to  some  interesting  points  and,  perhaps,  a  general  conclusion.  It  can 
be  seen  in  Fig.  2  that  the  amIag  ratio  follows  a  regular  exponential  decrease  with  increasing 
AJ.  The  (n,  y),  (nf  n'y)  and  (n.  2n)  reactions  demonstrate  separate  curves  with  individual 
slopes  in  the  log  plot.  A  natural  explanation  for  the  appearance  of  different  curves  is  that  the 
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projectile  angular  momentum  increases  with  the  neutron  kinetic  energy.  In  general,  the 
systematics  does  not  demonstrate  any  unexpected  behavior,  but  the  plot  allows  a  quantitative 
definition  of  real  values  for  specific  reactions.  It  can,  therefore,  be  used  to  make  estimates  of 
am/crg  values  for  other  cases.  It  is  important  to  note  is  that  the  systematics  cover  a  wide  range 
in  angular  momentum,  as  high  as  16  for  isomers  populated  in  the  {n,  y)  reaction  and 
corresponding  to  a  <jmi<jg  ratio  lower  than  10  s.  Such  values  are  not  typical  in  comparison 
with  other  measurements  known  in  the  literature  for  neutron-induced  reactions. 

fig-2 

The  conclusion  that  179m2Hf  is  produced  in  via  (n,  n'y)  reactions  while,  conversely, 
Hf  js  pr0(juce(j  vja  reactions  is  supported  by  Fig.  2  in  addition  to  the  arguments 
given  above.  In  this  plot  the  upper  limits  determined  for  178m2Hf  production  via  the  ( n ,  n'y) 
reaction  and  for  I7<?m2Hf  production  in  the  {n}  y)  reaction  deviate  from  the  systematic  pattern, 
both  lying  far  above  the  curves  corresponding  to  the  respective  reactions.  Following  the 
systematic  trends,  it  appears  that  the  real  cross-section  for  production  of  I79m2Hf  via  (/?,  y) 
reactions  is  negligible  in  reactor  irradiations  as  compared  with  the  much  larger  cross  section 
for  ( n ,  n  'y)  reactions,  and  vise  versa  for  178m2Hf. 

The  present  result  that  there  are  significant  cross  sections  for  burnup  of  l78m2Hf  in  the 
I7Sm‘Hf(/7,  y)n9mlg Hf  reaction  equal  in  total  ath=235  b  and  ly=5600  b  is  worth  further 
discussion.  Such  large  values  are  known  for  many  other  nuclei,  e.  g.  the  l77Hf  nucleus  with 
odd  neutron  number  is  characterized  by  even  higher  values,  as  is  known  from  Ref.  [1].  In  the 
even-even  l78Hf  nucleus,  a  pair  of  neutrons  is  decoupled  in  the  m2  state,  so  that  the  isomeric 
nucleus  can  manifest  itself  for  as  equivalent  in  behavior  to  an  odd-neutron  nucleus.  Thus,  the 
observed  large  bumup  cross-section  is  not  out  of  scale  [I  ],  unlike  the  extremely  large  ( n ,  y) 
cross-section  for  bumup  of  178m2Hf  reported  in  Ref.  [10].  That  value  was  not  reproduced  by 
the  present  measurements. 
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Table  2  shows  that  the  population  of  the  ground  state  appears  with  4x  higher 
probability  than  the  m2  state,  but  stronger  selectivity  was  not  manifested.  This  can  be 
understood  in  the  following  way.  Figure  3  shows  a  partial  level  scheme  for  t/9Hf,  the 
daughter  of  the  bumup  reaction  on  l78m2Hf.  Compound-nucleus  states  of  I79Hf  are  excited 
after  neutron  capture  by  l78miHf  and  possess  JK  =  31/2+  or  33/2'h  and  a  Fixed  excitation  energy 
near  8,546  keV.  For  the  lower-lying  structure,  the  important  features  are  the  m2  isomer  in 
179Hf  with  J1  =  25/2"  at  1,106  keV  and  the  two  rotational  bands  built  on  the  ground  and 
isomeric  states.  Many  other  bands  exist  [11]  and  the  population  of  mi  and  g  states  may 
initially  proceed  via  such  bands  near  the  top  of  the  cascade  that  follows  neutron  capture. 
However,  these  decay  paths  will  eventually  reach  the  bands  shown  in  Fig.  3.  Direct 
transitions  can  also  take  place  from  the  compound-nucleus  state  to  the  ground  or  m2  bands, 
but,  of  course,  many  different  cascade  paths  contribute  to  the  population  of  a  given  final  state 
because  the  level  density  above  E  =  (4  -  5)  MeV  is  high  in  hafnium  nuclei. 

There  is  no  spin  deficit  for  the  bumup  reaction  on  l7Srn2Hf  leading  to  the  high-spin 
i?9m2Hf  state  and  it  should  be  strongly  populated.  It  is  possible  that  some  preference  for  this 
final  state  may  arise  due  to  its  high  K  value  and  the  fact  that  there  is  a  similar  structure  of  the 
target  and  product  m2  isomers.  However,  this  experiment  demonstrated  a  preference  for 
population  of  the  ground  state.  A  first  conclusion  is  that  the  K  quantum  number  and  structure 
tagging  do  not  survive  past  neutron  capture  at  E*  above  8  MeV.  This  may  explain  the  nearly 
equal  population  of  the  m2  and  ground  states. 

Fig.3 

A  similar  lack  of  selectivity  to  structure  details  at  E*  >  Bn  was  concluded  from  the 
measurements  of  Ref.  [12]  on  depopulation  of  the  l80mTa  isomer  by  fast  neutron  inelastic 
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scattering,  in  accordance  with  the  basic  ideas  of  the  statistical  model.  In  that  work,  no 
preferential  population  of  the  ground  state  was  observed,  unlike  the  present  case  of  capture  on 
1 78 m2 question  remains  why  there  exists  even  a  modest  preference  for  ground-state 
population  following  the  (n,  y)  reaction  on  17Sm2Hf.  One  must  take  into  account  the  presence 
of  many  levels  of  appropriate  spin  near  and  below  the  compound-nucleus  state  and  these  will 
be  populated  after  neutron  capture  with  equal  probability  without  any  influence  of  structure 
effects.  Thus,  selectivity  for  reaching  either  the  ground  or  m2  states  cannot  appear  near  the 
top  of  the  cascades.  One  must  speculate  that  the  modest  preference  for  the  ground  state  arises 
due  to  the  position  of  the  m2  level  at  1 .1  MeV.  Some  cascades  proceeding  to  the  ground  state 
may  obtain  a  higher  probability  simply  because  they  possess  a  larger  reserve  of  energy  above 
the  ground  state  than  those  reaching  the  isomer,  thus  providing  more  possibilities  for 
branching.  This  idea  has  not  yet  been  developed  in  detail. 

The  above  interpretation  can  be  modified  if  superelastic  scattering  (SES)  [13] 
contributes  a  significant  part  of  the  observed  total  bumup  cross-section.  Until  now,  SES  for 
was  not  measured  and  theoretical  estimates  allow  a  wide  range  for  this  cross-section. 
This  process  was  not  accounted  for  in  the  present  analysis.  There  is  a  lack  of  sufficiently- 
developed  simulation  procedures  for  reactions  with  high-spin  isomers,  despite  interesting 
experimental  data  may  be  found  in  the  literature  [7,12,  14-16]. 

V.  SUMMARY 

Production  of  the  high-spin  178m2Hf  isomer  in  natHf  targets  was  successfully  observed  after 
their  activation  with  the  reactor  neutrons  at  fluences  lower  than  1018  n/cm2.  It  was  established 
that  l78w2Hf  is  mainly  produced  due  to  the  capture  of  slow  neutrons  in  ( n >  y)  reaction,  while 
i?9m?Hf  is  produced  in  the  (n,  nfy)  reaction  with  fast  neutrons.  The  production  cross-sections 
are  very  different,  so  that  it  is  possible  to  accumulate  179,/72Hf  in  a  microgram  amount  after 
standard  irradiations,  but  only  nanograms  of  17,w?Hf.  Comparing  the  present  measurements 
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with  the  published  data,  the  destruction  (bumup)  cross-section  was  deduced  for  l78/,7"Hf  due  to 
a  second  neutron  capture  from  the  reactor  flux.  The  partial  ath  and  Ir  values  were  specified 
for  the  bumup  process  leading  to  both  m2  and  g  states  in  179Hf.  Also,  the  isomcr-to-ground 
state  ratios  for  hafnium  isomers  in  neutron-induced  reactions  were  systematized.  The 
potential  application  of  the  I78m2Hf  isomer  as  a  reservoir  for  energy  storage  and  pulsed  release 
has  already  been  discussed  extensively  in  the  literature.  However,  the  present  results,  as  well 
as  those  in  the  literature,  do  not  support  an  optimistic  view  of  reactors  as  a  source  of  large- 
scale  manufacture  of  l78m2Hf .  Other  reactions  may  prove  more  efficient  for  production  of  this 
long-lived  isomer.  Spallation  reactions  with  protons  of  intermediate  energy,  or  neutron 
irradiations  at  an  energy  of  14  MeV  and  higher  must  be  the  most  productive  as  is  discussed 
recently  in  Ref  [17].  Isomeric  nuclei  may  play  some  role  in  cosmogenic  nucleosynthesis. 
Their  production  and  destruction  cross-sections  should  be  in  account  at  respecting  simulations 
that  are  well-developed  in  modem  astrophysics. 
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TABLES 


Table  1.  Number  of  peak  counts  in  the  y  lines  from 
[1Sm2Hf  compared  to  the  lines  of  l75Hf  and  l81Hf  (see 
Fig.  1).  The  gamma  spectrum  was  taken  after  two- 
years  ''cooling"  of  a  metal  ndlHf  sample  activated  with 
reactor  neutrons. 


Nucleus 

Ey 

[keV] 

Counts 

Statistical 

error 

426.4 

19,321 

6.3  % 

495.0 

12,461 

7.6  % 

574.2 

16,627 

10.  4% 

mHf 

343.4 

1.086  x  109 

0.2  % 

432.8 

1.599  x  107 

0.3  % 

isiHf 

482.0 

1.487  x  10s 

0.3  % 

Table  2  Neutron  capture  cross-sections  for  hafnium  isotopes. 


Target 

A 

Product 

f 

J  P 

ath  [bam] 

Iy  [bam] 

(JtrP  rT' 

Reference 

l74Hf 

o+ 

l75Hf 

5/7 

561 

436 

— 

rn 

,76Hf 

o+ 

l77Hf 

1/7 

23.5 

880 

— 

[i] 

,77Hf 

7/2" 

.78,Hf 

0+ 

373 

7,173 

— 

[i] 

I78m7 

8" 

0.96 

— 

1.6  x  10"3 

[i] 

1  78w2j_j,|? 

16+ 

2.6  x  10"6 

U3 

X 

o 

(7±2)  x  10"9 

Present 

,78Hf 

0+ 

,79Nlf 

9/2+ 

84 

1,950 

[i] 

l79m/Hf 

1/2" 

53 

— 

0.63 

[i] 

l 79m2j_jjp 

25/7 

<2  x  10‘4 

<  1.3  x  10"3 

<  2.4  x  10"6 

Present 

1  78m.2j_|  j? 

16+ 

179"Hf 

9/2+ 

190 

4,500 

(0.24+0.07) 

Present* 

25/7 

45+5 

1,060+60 

— 

[5] 

1 79Hf 

9/2+ 

0+ 

41 

630 

— 

[1] 

1 80/w 

8 

0.45 

6.9 

1.1  x  10"2 

m 

l8°Hf 

0+ 

mHf 

1/2" 

13.04 

35.0 

— 

m 

*  Obtained  by  comparison  of  present  results  with  those  of  Ref  [4]. 
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Table  3.  Summary  of  the  production  of  l/ym~Hf  via  different  neutron-induced 
reactions. 

Reaction 

Energy 

AJ 

Cross-section 

[mb] 

@g 

Reference 

l77Hf(n,y) 

Thermal 

12 

2.6  x  10-3 

— 

Present 

Resonance 

12 

4  =  5  x  I0‘2 

(7±2)  x  10‘9 

Present 

mm(n,n'y) 

£■„>  3  MeV 

31/2 

<7  x  10'3 

<2.5  x  10‘6 

Present 

179Hf \n,2n) 

E„=  14.5  MeV 

II 

7.3 

3.5  x  10‘3 

[8] 

Table  4. Summary  of  the  production  of  17ym2Hf  via  different  neutron-induced 
reactions. 


Reaction 

Energy 

AJ 

Cross-section 

[mb] 

oj  @g 

Reference 

Thermal 

12 

<0.2 

<  2.4  x  10-6 

Present 

Resonance 

12 

Iy<  13 

<7  x  10'6 

Present 

179Hf \n,n'y) 

E„>  1.5  MeV 

15/2 

4.5±0.5 

(1.6±0.2)  x  10 3 

Present 

I80Hf(«,2«) 

E„  =  14.8  MeV 

12 

25 

7  x  10-3 

[8] 

22 


FIGURES 


K*  =  9/2" 
ground  state 


FIGURE  CAPTIONS 


Figure  1:  Panels  show  sections  of  the  gamma  spectrum  collected  from  the  metal  natHf 

sample  after  neutron  irradiation  in  the  inner  channel  of  the  IBR-2  reactor,  and 
after  two-years  cooling  time.  Lines  corresponding  to  decay  of  the  l78m2Hf 
isomer  are  identified  and  peak  fits  are  shown  from  which  the  counts  of  Table  1 
were  determined. 

Figure  2:  Measured  values  of  the  isomer-to-ground-state  ratio  versus  spin  deficit  ( A) ) 

parameter  for  hafnium  isomers  produced  in  neutron-induced  reactions. 
Numerical  data  and  references  are  given  in  Tables  2-4.  For  simplicity,  points 
according  to  the  literature  are  given  without  error  bars. 

Figure  3:  Partial  level  scheme  depicting  population  of  the  m2  and  ground  states  in  I79Hf 

after  the  l78m7Hf(/z,  y)  reaction  with  slow  neutrons.  The  cascades  shown 
illustrate  the  discussion  in  the  text. 
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Ups  and  Downs  of  Nuclear  Isomers 


Isomers  are  set  apart  from  other  nuclear  excitations  by  their 
long  half-lives.  That  longevity  facilitates  the  study  of  nuclear 
structure  and  astrophysics,  and  it  suggests  a  variety  of 
practical  applications. 


Philip  M.  Walker  and  James  J.  Carroll 

lAfhat  could  one  do  with  a  clean  source  of  nuclear  en- 
VV  ergy?  That  tantalizing  question  reflects  a  dream  that 
some  have  hoped  to  realize  by  exploiting  the  energy- 
storage  capabilities  of  nuclear  isomers.  But  the  hope 
hinges  on  facets  of  nuclear  behavior  that  remain  unknown 
despite  decades  of  study.  Electromagnetic  transitions  and 
0  decay,  the  basic  mechanisms  that  largely  determine  iso¬ 
mer  half-lives,  are  well  understood.  In  many  cases,  how¬ 
ever,  it  is  still  not  possible  to  predict  half-lives  even  to 
within  an  order  of  magnitude. 

Today’s  isomer  research  seeks  a  better  understanding 
of  the  degrees  of  freedom  that  will  reveal  new  aspects  of 
nuclear  structure  and  lead  the  way  to  new  applications.  In 
this  article,  we  lay  out  the  essential  ingredients  of  nuclear 
isomerism  and  take  a  look  at  future  possibilities. 

Metastable  excited  states 

The  term  “isomer”  is  borrowed  from  chemistry,  where  it 
refers  to  molecules  that  have  different  geometrical  config¬ 
urations  of  the  same  collection  of  atoms.  Isomeric  nuclei, 
as  distinguished  from  isotopes,  are  different  states  of  the 
same  numbers  of  protons  and  neutrons.  Whereas  chemi¬ 
cal  isomers  have  energy  states  that  axe  similar,  sometimes 
identical,  to  each  other,  nuclear  isomers  always  have  dif¬ 
ferent  energies.  Excitation  energies  can  be  as  high  as  sev¬ 
eral  MeV, 

An  interesting  example  of  a  nuclear  isomer  is  99mTc,  an 
excited  state  of  technetium-99.  The  “m”  after  the  mass 
number  denotes  a  metastable  state — that  is,  a  long-lived 
isomer.  The  half-life  of  ^njTc  is  six  hours  and  its  excitation 
energy  above  the  nuclear  ground  state  of  q9Tc  is  143  keV. 
By  contrast,  typical  half-lives  of  excited  nuclear  states  are 
about  a  picosecond.  Isomers  live  at  least  a  thousand  times 
longer.  The  appellation  is  usually  reserved  for  excited  nu¬ 
clear  states  that  live  longer  than  a  nanosecond.  The  su¬ 
perscript  “m”  is  even  more  restrictive;  it’s  reserved  for  iso¬ 
mers  with  half-lives  of  more  than  a  millisecond.  If  a 
nuclear  species  has  more  than  one  metastable  isomer,  an 
ordinal  number  after  the  “m”  distinguishes  between  them 
in  ascending  order  of  excitation  energy. 

Perhaps  the  most  widely  known  nuclear  isomer  is  the 
long-lived  hafnium  excitation  1  'Hf.  With  a  half-life  of  31 
years,  it  sits  2.4  MeV  above  the  stable  !7,HHf  ground  state.  The 

Philip  Walker  is  a  professor  of  physics  at  the  University  of  Sur¬ 
rey  in  England.  James  J.  Carroll  is  a  professor  of  physics  at 
Youngstown  State  University  in  Ohio . 


exceptional  combination  of  high  excita¬ 
tion  energy  and  conveniently  long  half- 
life  has  led  to  claims  for  practical  appli¬ 
cations  that  have  lent  the  hafnium 
isomer  unusual  visibility  (see  PHYSICS 
Today,  May  2004,  page.  21 ). 

Natures  sole  example  of  an  iso¬ 
mer  long-lived  enough  to  he  called  sta¬ 
ble  is  "  Ta.  This  tantalum  isomer’s 
half-life  exceeds  10 15  years.  One  can  only  quote  a  lower  life¬ 
time  limit,  because  the  isomer’s  spontaneous  decay  has 
never  been  observed.  But  the  isomer  sits  77  keV  above  a 
ground  state  that  is  itself  unstable,  with  a  0-decay  half- 
life  of  only  eight  hours. 

Isomers  can  lose  their  excess  energy  by  the  usual  radio¬ 
active  decay  modes:  a,  0,  or  y.  The  favored  mode  in  any  par¬ 
ticular  case  depends  on  the  energies  and  quantum  num¬ 
bers  of  the  states  involved.  Decay  by  neutron  or  proton 
emission,  or  even  by  fission,  is  possible  for  some  isomers. 

What  can  isomers  reveal  about  nuclei  and  about  the 
environments — for  example,  sites  of  astrophysical  nucleo¬ 
synthesis—  in  which  they  are  formed?  How  can  nuclear  iso¬ 
mers  be  put  to  practical  uses  here  on  Earth? 

Isomers  in  the  clinic 

The?  nuclear  isomer  that  is  most  often  ingested  for  clinical 
purposes  is  . . Tc.  It  has  excellent  properties  for  medical  im¬ 

aging;  a  convenient  half-life  of  six  hours  and  an  equally  con¬ 
venient  soft-gamma-ray  decay  energy  of  141  keV.  Another 
useful  feature  is  technetium’s  ability  to  bind  chemically  with 
many  biomolecules.  Furthermore,  the  isomer  is  easy  to  pro¬ 
duce.  One  can,  for  example,  bombard  molybdenum-98  with 
neutrons  from  a  reactor  to  make  ®Mo,  which  then  0-decays 
with  a  half-life  of  66  hours  to  9'*'  lTc.  The  technetium  isomer 
is  probably  the  most  widely  used  of  all  radioactive  isotopes 
for  medical  diagnostics  It  is  used  to  image  the  brain,  bones, 
heart,  lungs,  and  other  organs  (see  figure  1). 

It’s  not,  in  fact,  the  emission  of  the  141-keV  gamma 
that  gives  99nsTc  its  desirably  long  half-life.  The  six  hours 
are  taken  almost  entirely  by  the  first  step  in  the  isomer’s 
descent  to  the  ground  state.  That  preliminary  step  is  a 
2-keV  decay  by  electron  conversion,  in  which  nuclear  ex¬ 
citation  energy  is  carried  away  by  the  ejection  of  an  orbital 
electron  from  the  atom.  The  subsequent  emission  of  the 
141-keV  gamma  from  the  nucleus  takes  less  than  a 
nanosecond. 

The  long  half-life  of  the  first  step  of  HrrTc  decay  is  at¬ 
tributable  to  the  isomer’s  angular  momentum.  Its  spin  J 
and  parity  it  are  J"  =  lk  .  But  the  state  2  keV  below  the 
isomer  has  J*  -  '!/  ,  Therefore  the  initial  2-keV  electro¬ 
magnetic  step  between  those  two  states  is  governed  by  an 
electric-octupole  (E3)  transition-matrix  element.  A  direct 
143-keV  transition  from  the  isomer  straight  to  the  J17  - 
ground  state  would  have  magnetic-hexadecapole  (M4) 
character.  Such  high-multipole  electromagnetic  transi¬ 
tions  are  very  slow. 
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Another  unusual  aspect  of  ^,tt1Tc  is  that  technetium 
(Z  =  43)  has  no  stable  nuclei.  Its  longest-lived  isotope,  98Tc, 
has  a  half-life  of  4  million  years.  Therefore  it’s  not  found 
in  natural  deposits  on  Earth.  It  was  the  first  new  element 
to  be  produced  artificially  (in  1937).  Hence  its  name,  from 
the  Greek  technetos,  meaning  artificial.  Promethium 
(Z  =  61),  the  only  other  element  lighter  than  lead  that  has 
no  stable  isotopes,  was  first  made  in  the  laboratory  in  1945. 

Isomers  in  the  stars 

Because  Tc  has  no  stable  isotopes,  it  is  especially  inter¬ 
esting  for  astrophysics.  From  observations  of  its  lines  in 
atomic  spectra  of  red-giant  stars,  one  finds  that  Tc  is  being 
made  in  such  stars  by  nuclear  reactions  between  other  el¬ 
ements.  Visible  light  from  Tc  atoms  far  away  brings  to  us 
the  most  compelling  evidence  of  nature’s  ongoing  cosmic 
alchemy. 

The  study  of  naturally  occurring  radionuclides  sur¬ 
viving  from  Earth's  formation  has  provided  the  most  ac¬ 
curate  information  about  the  age  of  our  planet— about  4.6 
billion  years.  Nuclides  with  half-lives  of  much  less  than  a 
billion  years  are  now  at  low  or  vanishing  abundance.  For 
example,  uranium-238,  with  a  half-life  of  4.47  X  1(P  years, 
is  now  the  most  abundant  uranium  isotope  by  far.  But 
on  which  most  fission  power  depends,  has  a  half-life  of  only 
7.04  x  108  years  and  an  abundance  of  0,7%  relative  to  338U. 
If  Earth  had  formed  with  equal  abundances  of  each,  the 
abundance  ratio  would  now  be  2.4%.  Therefore, 
there  must  have  been  several  times  more  '^U  to  start  with. 
But  that  starting  point  depends  on  the  details  of  stellar 
nucleosynthesis. 

Nuclear  isomers  probe  this  astrophysical  alchemy  and 
the  stellar  environments  in  which  it  takes  place.  With  its 
half-life  much  longer  than  the  10to-year  age  of  the  cos¬ 
mos,  tHOwTa  is  the  only  naturally  occurring  isomer  that’s 
stable  on  the  scale  of  stellar  lifetimes.  But  many  isomers 
that  /3-decay  on  much  shorter  time  scales  can  serve  as  use¬ 
ful  stellar  probes. 

The  exceptional  half-life  of  lsUroTa,  like  that  of  99mTc, 
hinges  on  angular  momentum.  This  time,  though,  the  iso¬ 
mer’s  own  high  spin  is  the  impediment.  Its  spin-parity 
state  is  9".  A  short-lived  excited  state  37  keV  below  the  iso- 


Figure  1.  Medical  imaging  with  the  technetium 
isomer  WniTc  shows  a  front  view  of  a  patient  with 
septic  arthritis  in  the  left  knee.  The  widely  used 
isomer  decays  with  a  half-life  of  six  hours  by 
emitting  a  141-keV  photon.  The  isomeric  mate¬ 
rial  bound  to  a  ligand  compound,,  was  injected 
intravenously.  The  ligand  preferentially  seeks  out 
metaboiically  active  sites  such  as  the  inflamed 
knee  in  this  case.  The  radioactive  emission  was 
mapped  by  a  gamma  camera  whose  crystalline 
sodium  iodide  scintillator  elements  scan  around 
the  patient. 


mer  has  J 17  =  2+,  and  the  nuclear  ground  state  is 
IT  Therefore,  electromagnetic  transitions  from  the 
isomer,  if  they  exist,  would  have  E7  and  M8  char¬ 
acter.  But  such  high-multipole  transitions  have 
never  been  seen. 

For  tantalum  in  stars,  the  issue  is  the  ^-decay¬ 
ing  ground  state  of  I80Ta.  If  the  star  is  hot  enough 
(above  1(P  K),  excitation  and  de-excitation  of  nuclei 
by  thermal  photons  will  yield  an  equilibrium  mixture  of  the 
ground  and  isomeric  states.  That’s  the  kind  of  environment 
required  for  slow-neutron-capture  (s-process)  nucleo¬ 
synthesis  (see  the  article  by  John  Cowan  and  Fried  rich -Karl 
Thielemann  in  PHYSICS  TODAY,  October  2004,  page  47). 

If  one  of  the  nuclear  states  in  such  an  equilibrium  /3- 
decays  with  a  short  half-life,  then  the  longer-lived  state 
will  be  depleted— that  is,  its  effective  half-life  is  reduced. 
The  case  of  lB0Ta  is  of  particular  interest  because  the  tran¬ 
sition  probabilities  for  7-excitation  to  higher-lying  states 
from  which  it  can  decay  have  recently  been  measured.1 
From  those  measurements,  and  the  fact  that  58<)mTa  exists 
on  Earth  (albeit  with  the  lowest  abundance  of  any  stable 
nuclide),  one  can  infer  that  s-process  production  of  the  iso¬ 
mer  takes  place  in  stars  at  modest  temperatures  less  than 
3  x  108  K 

However,  the  actual  mechanism  by  which  lEHlmTa  is 
synthesized  remains  a  mystery.  Proton  capture  and  neu¬ 
trino  reactions  are  two  possibilities.  The  name  tantalum 
is  particularly  appropriate  to  the  ongoing  challenge  of  puz¬ 
zling  out  the  isomer’s  origins.  The  mythological  Tantalus, 
miscreant  son  of  Zeus,  is  perpetually  punished  by  being 
kept  just  out  of  reach  of  food  and  water. 

A  central  role 

Isomers  were  first  foreseen  by  Fredrick  Soddy,  long  before 
the  discovery  of  the  neutron.  In  1917  he  wrote,  “We  can 
have  isotopes  with  identity  of  atomic  weight,  as  well  as  of 
chemical  character,  which  are  different  in  their  stability 
and  mode  of  breaking  up.”  Otto  Hahn  is  usually  credited 
with  the  first  experimental  observation  of  isomers,  in  ura¬ 
nium  salts  in  1921.  But  the  key  observations  came  in  1935, 
when  nuclear  physicists  in  the  Soviet  Union  and  Britain 
found  isomers  in  bromine  and  indium.2  These  discoveries 
were  soon  followed  by  Carl  von  Weizsacker’s  theoretical 
explanation  in  terms  of  angular-momentum  quantum 
numbers.3  He  was  describing  “spin  traps,”  which  turn  out 
to  be  the  principal  class  of  .isomers.  Spin  traps  relax  very 
slowly  because  high -multipole  electromagnetic  transition 
amplitudes  are  intrinsically  weak. 

The  explanation  for  the  existence  of  high-spin  states 
came  from  the  formulation  of  the  nuclear  shell  model  in 
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Figure  2.  The  chart  of  nuclides  shows  naturally  occurring  stable  nuclides 
(black  squares)  clustered  along  the  valley  o'-  nuc  (ear  stability.  Unstable  nu¬ 
clear  species  known  from  the  laboratory  are  shown  in  color.  Double  lines 
indicate  magic  (closed-shell)  neutron  and  proton  numbers.  the  dashed  outer 
contour  indicating  the  limits  of  nuclear  binding,  shows  that  many  neutron- 
rich  nuclides  are  yet  to  he  discovered.  Microsecond  isomers  promise  espe¬ 
cially  sensitive  access  to  presently  unknown  nuclides. 


1949.  Indeed,  the  existence  of  iso¬ 
mers  demanded  the  shell  model.  In¬ 
dividual  nucleon  orbits  must  be  able 
to  carry  high  angular  momentum, 
and  the  existence  of  isomers  de¬ 
pends  on  the  quant  um  numbers  of 
those  individual  orbits.  Notwith¬ 
standing  this  strong  tie  to  the  sin¬ 
gle-particle  emphasis  of  the  shell 
model,  isomers  also  provided  essen¬ 
tial  information  for  the  collective  as¬ 
pects  of  nucleons  in  the  nucleus.  In 
1953,  Aage  Bohr  and  Ben  Mottelson4 
interpreted  the  energies  of  the  tg0Hf 
states  one  sees  following  the  decay 
of  IWTnHf  as  being  characteristic  of  a 
quantum  rotor,  with  energies  pro¬ 
portional  to  J(J  +  1).  Thus  did  iso¬ 
mers  take  their  place  at  the  center 
of  nuclear-structure  investigations. 

In  the  1960s,  nuclear  isomers 
provided  the  first  examples  of 
superdeformed  nuclei;  they  were 
twice  as  long  as  they  were  wide.  The 
superdeformed  americium  isomer 
’’-'"Am.  discovered  in  1962,  decays 
by  fission.5  At  the  end  of  the  decade, 
the  cob; lit  isomer  WmCo  yielded  the 
first  observation  of  decay  by  direct 
proton  emission.''  Those  discoveries 
have  paved  the  way  to  extensive  in¬ 
vestigations  of  the  associated  decay 
phenomena.7  No  one  has  yet  found  an  isomer  that  decays 
by  neutron  emission. 

Neutron-rich  nuclides 

Let  us  focus  on  some  recent  developments  and  unsolved 
problems.  Access  to  heavy  nuclides  on  the  neutron -rich  side 
of  the  valley  of  stability  is  experimentally  difficult,  but 
highly  desirable.  Figure  2  shows  this  wide-open  region  of 


unknown  nuclides.  The  physics  objectives  include  the  un¬ 
derstanding  of  neutron  skins  of  such  nuclei — the  outer  vol¬ 
ume  into  which  the  neutron  distribution  extends  signifi¬ 
cantly  beyond  the  proton  distribution.  One  also  wants  to 
determine  the  structure  of  nuclides  along  the  path  of  rapid- 
neutron-capture  (r-process)  nucleosynthesis.  Understand¬ 
ing  the  r  process  could  yield  deep  insight  into  supernova 
explosions.  Because  nuclear  binding  becomes  very  weak 


Box  1.  Broken  Pairs  and  Isomer  Half-Lives 

II  even-even  nuclides  (that  is,  those  having  even  proton 
and  neutron  numbers)  have  ground  stales  of  zero  total - 
angular-momentum  quantum  number  /  and  positive  parity  it. 
I  hat's  because  all  the  single-particle  nucleon  orbits  are 
paired,  giving  the  state  of  lowest  total  energy.  Mere  we  neg¬ 
lect  the  contribution  of  collet  tive  rotation  of  the  entire  nu¬ 
cleus,  which  can  in  general  add  energy  and  angular  momen¬ 
tum  to  that  arising  from  the  individual  nucleon  orbits  (see  box 
2h  Excitation  of  the  nucleus  may  break  up  a  pair  of  nucleons, 
with  one  or  both  being  promoted  to  higher  orbits.  This  exci¬ 
tation  is  calkxl  a  two-quasiparticle  state  to  emphasize  the  im¬ 
portance  of  the  pairing  interac  tion,  which  modifies  the  energy 
and  wavefunction  of  the  nuclear  level, 

T  he  remaining  even-even  core  ot  nucleons  contributes  no 
excitation  energy  or  angular  momentum,  fhat  role  belongs  to 
the  quasiparticles.  Suppose  two  quasi  particles  (that  is,  two 
broken-pair  nucleons)  in  different  orbits  each  had  /  —  n/r. 
1  he  total  angular  momentum  of  the  nucleus  would  come 
from  their  vector  sum.  In  that  case,  f  could  range  from  0  to 
I  I  depend  i ng  on  the  rel  a 1 1 ve  or ien ta t ion  of  t; he  q u as i  pa  rt i cie 
^pins.  Thus,  high  nuclear  spin  can  result  from  as  few  as  two 
unpaired  nucleons. 

"Spin-trap"  isomers  occur  in  even-even  nuclei  in  just  this 
way,  when  excited  states  require  large-multipole  electromag¬ 
netic  transitions  for  their  decay.  In  Hf,  for  example,  the  31- 
year  1  6 4  isomer  has  four-quasiparticle  character  that  is,  one 
broken  neutron  pair  and  one  broken  proton  pair.  But  spin-trap 


isomers  can  also  oc  cur  in  odd  -even  or  odd-odd  nuc  lei.  I  he 
nuclide  maTa  is  odd  dd  Its  two-quasiparticle  1  ‘  ground  state 
already  has  one  unpaired  proton  and  one  unpaired  neu 
iron.  The  ultralong-lived  9  isomer  1  "Ta  also  has  two- 
quasipartk  le  charac  ter,  but  with  very  different  relative  or  ien 
tations  of  the  neutron  and  proton  orbits.  High  angular 
momentum  explains  these  isomers  qualitatively.  But  quanlita 
lively,  the  situation  is  less  satisfactory 

Both  the  spheric  al  nuclear  shell  mcxJel  of  orbiting  nuc  Icons 
and  the  deformed  shell  (Nilsson)  model,  which  allows  for  non- 
spherical  shafts,  predict  the  existence  ot  isomers.  But  beyond 
these  shell  models  of  indegx'ndently  orbiting  nucleons  there1 
arc*  additional  interne  lion  Ix-tvvcvn  the  unpaired  nucleons  and 
the  core,  and  between  quasipartic  les  that  are  hard  to  quantity. 
They  lead  to  uncertainties  t  in  the*  order  of  100  keV  in  the  pre¬ 
dicted  excitation  energies  ot  isomers,  (here  is  also  significant 
uncertainty  in  the  c  alc  ulation  o!  isomer  decay  rates  to  col  fee 
tive  rotational  or  vibrational  states  of  the  c  ore. 

Although  the  bulk  behavior  of  the  wave 'functions  of  iso¬ 
mers  and  other  excited  states  are  relatively  well  understood, 
the  tull  details  are  still  missing.  Because  electromagnetic 
decay  rates  depend  sensitively  on  the  overlap  between  wave- 
functions  for  initial  and  final  Mates  small  discrepancies  on 
the  wings  ot  the  wuvetunc  tion  can  lead  to  very  different  re 
suits.  Additional  data  will  lx?  required  lor  sorting  out  the*  rela 
tive  importance  of  the  different  met  hariisms  that  contribute  to 
isomer  decay. 
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with  increasing  neutron  ex¬ 
cess,  mean-field  theoretical 
models  may  turn  out  to  be 
completely  inadequate  in  the 
neutron-rich  domain. 

A  promising  way  of  pro¬ 
ducing  and  studying  neutron- 
rich  nuclides  and  their  excited 
states  was  pioneered  at  the 
GANIL  laboratory  in  Caen, 

France,  and  the  GS1  labora¬ 
tory  in  Darmstadt,  Germany. 

At  these  heavy-ion  accelera¬ 
tor  facilities,  projectile  nuclei 
fragment  in  high-energy  colli¬ 
sions  with  target  nuclei,  and 
one  finds  isomers  amid  the 
debris. 

In  a  recent  experiment  at 
GSI,  Monica  Caamaho  and 
coworkers  bombarded  a 
beryllium- 9  target  with 

stripped  lead-208  nuclei  ac¬ 
celerated  to  an  energy  of 
1  GeV  per  nucleon.8  The  frag¬ 
ments  of  the  Pb  nucleus,  after 
being  tracked  through  a  mag¬ 
netic  separator,  were  stopped 
and  their  y-decay  photons 
were  measured  in  germanium  detectors  (see  figure  3).  The 
experimenters  were  able  to  associate  the  emitted  gammas, 
ion  by  ion,  with  specific  fragments  over  decay-sequence 
correlation  times  as  Long  as  100  /is.  In  this  way,  Caamano 
and  company  identified  11  new  isomeric  states  of  neutron- 
rich  nuclides  with  mass  numbers  from  188  to  203.  The  iso¬ 
meric  half-lives  ranged  from  10  ns  to  1  ms. 

These  neutron-rich  nuclides  are  still  some  way  from 
the  neutron-skin  regime  and  the  r-process  pathway.  Nev¬ 
ertheless,  such  studies  are  paving  the  way  to  those  longer- 
term  objectives.  At  the  same  time,  the  experiments  have 
already  uncovered  unexpected  nuclear-structure  effects. 
An  important  feature  of  isomers  with  half-lives  in  the 
microsecond  region  is  the  experimenter’s  ability  to  corre¬ 
late  fragments  of  the  projectile  nucleus  with  their  decay 
products.  A  few  microseconds  is  long  enough  to  track  and 
identify  the  fragments,  yet  short  enough  to  distinguish 
time-correlated  decay  events  from  accidental  background 
correlations. 

For  longer- lived  fragments,  one  can  observe  isomer 
and  ground-state  properties  by  injecting  the  fragments 
into  a  storage  ring/  In  recent  measurements  of  heavy,  neu¬ 
tron-rich  nuclei  by  the  storage-ring  technique,  experi¬ 
menters  were  seeking,  among  other  things,  a  predicted 
J77  -  18 *  isomer  of  ItHJHf  that  might  have  intriguing  simi¬ 
larities  to  the  much-touted  isomer  17’Hm2Hf,  whose  spin- 
parity  is  16+.  The  data  are  still  under  analysis. 

The  development  of  new,  high-intensity  projectile- 
fragmentation  facilities  is  now  a  key  part  of  planning  for 
the  future  of  nuclear  physics  worldwide,  with  projects  such 
as  RIA  (Rare  Isotope  Accelerator)  in  the  US  and  FAIR 
(Facility  for  Antiproton  and  Ion  Research)  in  Germany. 
While  addressing  a  wide  range  of  nuclear  and  applied- 
science  issues,  these  new  facilities  will  provide  important 
new  opportunities  for  the  study  of  isomers,  especially  in 
heavy,  neutron-rich  nuclides. 

Superheavy  nuclides 

The  search  for  the  heaviest  possible  elements  is  a  quest  of 
long  standing.  For  the  so-called  superheavy  elements— 


Figure  3.  The  fragment  separator  at  GSI,  the  heavy-ion  accelerator  facility  in  Darmstadt, 
Germany,  is  a  prolific  source  of  newly  discovered  isomers.  In  a  recent  experiment/  lead-208 
nuclei,  accelerated  to  1  GeV  per  nucleon,  fragment  on  a  beryllium  target.  Fragments  are 
separated  and  steered  by  magnets,  and  tracked  and  timed  by  wire-chamber  and  scintillation 
detectors.  They  are  finally  stopped  by  a  ''catcher"  in  the  middle  of  an  array  of  segmented 
germanium  detectors  that  record  gamma-ray  photons  from  the  de-excitation  of  isomers. 


those  with  more  than  100  protons — the  strong  nuclear 
force  between  adjacent  nucleons  is  insufficient  to  overcome 
the  longer-range  Coulomb  repulsion  between  the  protons. 
Their  existence  relies  on  subtle  shell-model  effects  on  the 
orbits  of  protons  and  neutrons  inside  the  nucleus.  Such 
small  effects  can,  in  fact,  yield  long  half-lives--  but  just 
how  long  remains  uncertain.  We  don’t  know,  for  example, 
the  true  nature  of  the  predicted  “island  of  stability”  at 
nuclear  masses  beyond  the  present  experimental  limits. 

Superheavy  nuclei  can  have  isomer  states.  Indeed, 
such  isomers  can  live  longer  than  their  ground  states.10 
Fission  is  often  described  by  the  liquid-drop  model.  A  key 
feature  of  the  superheavy  isomers  is  that  the  nucleon- pair 
breaking  which  makes  their  formation  possible  also  breaks 
down  the  superfluidity  of  the  nucleon  fluid  inside  the  nu¬ 
cleus.  It  becomes  viscous,  and  that  slows  down  the  fission 
process.  The  probability  for  a-particle  decay  is  also  re¬ 
duced  by  the  pair  breaking.  For  example,  an  isomer  of 
darmstadtium-270  (the  name  was  officially  given  to  ele¬ 
ment  110  two  years  ago)  has  been  found  to  have  a  half-life 
some  60  times  longer  than  its  ground  state.  Thus  the  pre¬ 
dicted  abundance  of  isomers  in  superheavy  nuclei  could  be 
of  great  help  in  the  exploration  of  that  extreme  frontier  of 
the  nuclear  landscape. 

Vibration  and  rotation 

The  total  angular  momentum  of  a  nucleus  has  contributions 
from  individual  nucleon  orbits  and  from  collective  rotation 
of  the  nucleus  as  a  whole.  Bonded  pair's  of  orbits  and,  espe¬ 
cially,  closed  shells  of  such  pairs  contribute  no  net  angular 
momentum.  In  strongly  deformed  nuclei,  nucleon  numbers 
are  far  from  shell  closure,  and  collective  rotation  usually 
dominates  the  low-energy,  high -angular-momentum  struc¬ 
ture.  This  happens  when  the  orbits  of  unpaired  nucleons 
cannot  generate  much  angular  momentum  on  their  own. 
In  that  case,  high  total  angular  momentum  results  most 
easily  (at  low  energies)  from  high  collective  rotation  plus 
a  lesser  contribution  from  any  unpaired  orbits. 

There  is,  however,  a  small  region  of  nuclides  around 
17HHf(Z  =  72  and IV  =  106,  see  figure  4)  where  isomers  are 
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“yrast.”  The  term,  from  the  Swedish  word  for  dizziest, 
refers  to  the  lowest.-energy  nuclear  state  for  a  given  angu¬ 
lar  momentum.  For  an  yrast  isomer,  the  contribution  of 
collective  rotation  to  the  angular  momentum  is  minimal. 
The  isomers  near  ,7*Hf  are  yrast  as  a  result  of  high-spin 
nucleon  orbitals  close  to  the  Fermi  surface.  That  effect  is 
well  described  by  the  deformed-shell  model11  (see  box  1). 

Vibrational  excitations  of  deformed  nuclei  are  known 
to  be  energetically  disfavored.  They  are  far  from  the  yrast 
states.  Recent  findings,  however,  have  given  evidence  for 
a  new  type  of  energetically  favored  vibrational  behavior 
based  on  isomers.  This  effect  arises  because  the  maximum- 
angular-momentum  vibrational  states  have  energies  pro¬ 
portional  to  J,  whereas  rotational  energies  depend  qua- 
dratically  on  J.  Thus,  as  angular  momentum  increases, 
rotational  excitations  become  increasingly  expensive  rela¬ 
tive  to  vibrational  excitations.  Lee  Pattison  (University  of 
Manchester,  UK)  and  coworkers  have  reported  a  dramatic 
consequence  of  this  competition.12  On  top  of  the  Jff  -  25 
isomer  of  osmium- 182,  they  found  a  sequence  of  vibra¬ 
tional  excitations  that  are,  in  fact,  yrast.  Their  theoretical 
understanding  of  this  structure  is,  thus  far,  based  on  a 
model  of  “tidal  waves"  that  offers  a  new  perspective  on  nu¬ 
clear  excitation  modes. 

Isomer  decay  in  deformed  nuclei 

So  far  the  discussion  has  concentrated  on  the  utility  of  iso¬ 
mers  for  illuminating  other  nuclear  phenomena.  Now  we 
take  a  closer  look  at  isomer  decay  rates,  focusing  on  so- 
called  K  isomers  in  deformed  nuclei.  The  quantum  number 
K  is  (in  units  of  ft)  the  projection  of  the  nuclear  angular  mo¬ 
mentum  on  the  symmetry  axis  of  the  nucleus  (see  box  2). 
The  decay  of  isomers  by  electromagnetic  transitions  of  mul¬ 
tipole  order  lower  t  han  AA,  the  difference  in  A  between  ini¬ 
tial  and  final  states,  requires  a  mixing  of  A"  values  in  either 
state.  This  A  mixing  need  only  have  a  small  influence  on 


the  wave  function  to  produce  a  dominant  effect  on  the  rates 
of  otherwise  forbidden  de-excitation  transitions. 

Three  distinct,  mechanisms  have  been  proposed  for  the 
requisite  A  mixing.  First,  there  is  Coriolis-force  mixing  in 
the  noninertial  rest  frame  of  the  rotating  nucleus.  One  can 
view  the  Coriolis  effect  as  causing  fluctuations  in  the  ori¬ 
entation  of  the  nucleus  without  any  fluctuation  in  its 
shape.  Second,  because  K  conservation  depends  on  axial 
symmetry,  asymmetric  wavefunction  components  can  in¬ 
stigate  A  mixing.  That  effect  is  equivalent  to  nuclear  shape 
fluctuations  with  orientation  fixed.  Finally,  there  is  sta¬ 
tistical  mixing:  Quantum  states  of  the  same  spin  and  par¬ 
ity,  but  different  AT.  can  mix  significantly  by  virtue  of  for¬ 
tuitous  near-degeneracies  between  their  energies.  Such 
accidental  degeneracies  become  more  common  with 
increasing  density  of  energy  levels.  And  the  level  density, 
in  turn,  grows  with  excitation  energy. 

Each  of  the  three  A- mixing  mechanisms,  on  its  own, 
has  had  some  success  in  fitting;  the  isomer  data.7  But  a  uni¬ 
fied  approach  has  yet  to  be  developed,  and  the  relative  im¬ 
portance  of  the  different  mechanisms  remains  to  be  deter¬ 
mined.  The  situation  leaves  the  prediction  of  some  isomer 
half-lives  uncertain  by  many  orders  of  magnitude. 

Inducing  premature  decay 

Let's  return  to  our  opening  question  about  clean  energy 
sources.  A  special  feature  of  nuclear  isomers  is  that  they 
carry  excess  energy.  And  that  energy  can  be  released 
through  the  electromagnetic  interaction.  Indeed,  the  en¬ 
ergy  release  can  be  induced  by  photon  bombardment.  In 
other  words,  one  can  shorten  the  isomer's  decay  time  and 
thus  release  the  excitation  energy  in  a  controlled  manner. 

That  much  is  well  established.  For  example,  the  lQ!fV- 
year  isomer  "  Ta  can  be  converted  to  the  8-hour 
/3-decaying  ,aoTa  ground  state  by  photon  bombardment, 
a  process  that  has  been  studied  in  detail. MS  But 


Box  2.  K  Isomers 

hr  orientation  of  a  deformed  isomer's  spin  relative  to  the 
symmetry  axis  can  strongly  affect  its  half-life.  Nuclei  with 
magic  (closed-shell)  neutron  or  proton  numbers  of  2,  8,  20, 

28.  50,  82,  or  126  (set  figure  2)  are  more  or  less  spherical  in 
their  ground  states  and  low-energy  excitations.  But  far  away 
from  dosed  shells,  tin1  shape  is  typically  prolate,  with  well- 
defined  symmetry  about  the  long  axis  (see  the  illustration  at 
right).  A  prolate  nucleus  can  rotate  collectively,  but  quantum 
mechanics  forbids  collective  rotation  about  an  axis  of  cylin¬ 
drical  symmetry.  The  U >tal  angular  momentum  of  the  nucleus 
is  a  vector  sum  of  contributions  from  collective  rotation  and 
o  rb  i  ts  of  u  n  j  na  i  red  n  u  c  I  eons .  W  h  a  teve  r  their  ret  at  i  ve  contri¬ 
butions,  the  total  angular  momentum's  component  Kft  dong 
the  symmetry  axis  is  a  constant  ot  the  motion. 

In  the  noninertial  rotating  reference  frame,  however,  K  is 
not  strictly  conserved,  primarily  because  of  the  Coriolis  effec  i  Just  as  cyclones — another  (  oriolis  manifestation— have  their 
angular  momenta  aligned  with  Earth's  axis,  nucleon  orbits  tend  to  become  aligned  with  the  nue  lear  rotation,  l'he  result  is  a 
m  i x i n g  of  d i t fere nt  A  s ta tes . 

The  K  quantum  number  introduces  a  nuclear-transition  selection  rule  based  on  the  direction  as  well  as  the  magnitude1  of 
the  angular  momentum:  In  an  electromagnetic  de-excitation  transition,  the  change  in  A  should  not  exceed  A,  the  transition 
multipole  order.  Transitions  that  violate  this  condition  are  called  A-forbidden.  The  drawing  above  illustrates  a  A-forbidden 
dipole  (A  -  1)  transition  between  prolate  /=  8  nuclear  slates.  In  the  initial  K  =  8  orientation,  the  angular  momentum  can  be 
aligned  with  the  symmetry  axis  because  it  arises  completely  from  unpaired  nucleon  orbits  rather  than  collective  rotation.  But 
in  the  lower-energy  K  =  0  orientation,  the  /  =  8  angular  momentum  is  entirely  from  collec live  rotation. 

Rather  than  being  strictly  forbidden,  such  transitions  are  severely  hindered.  The  result  is  long-lived  excitation  states  that 
is,  nuclear  isomers.  These  "K  isomers  form  a  distinc  t  class  of  isomers  in  axially  symmetric  deform*  d  nuc  lei  Their  distribution 
in  the  N-Z  plane  ot  neutron  and  proton  numbers  (see  figure  4),  clustered  around  the  31  -year  isomer  of  hatnium-1  78,  is  quite 
distinct  from  the  two  clusters  of  closed-shell  (spin-trap)  isomers  near  N  =  82  and  /=  82. 
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Figure  4.  Clustering  of  heavy  isomers  on  the  N-Z  plane.  Half-lives  for 
high-spin  isomers  are  indicated  logarithmically  by  column  height 
(squares  in  the  plane  are  stable  nuclides).  There  are  three  distinct  isomer 
clusters.  At  left  and  right  are  the  spin-trap  isomers  (see  box  1)  near  the 
magic  number  82  of  neutrons  and  protons,  respectively.  In  the  center, 
clustered  around  the  31-year  (1  CF-second)  hafnium-178  isomer 
(N  =  106  and  Z=  72)  are  the  K  isomers  (see  box  2). 


unfortunately,  the  energy  of  the 
incident  photon  that  liberates  the 
isomer's  77-keV  excitation  energy 
has  to  exceed  an  MeV!  Although 
this  y-induced  de-excitation  has 
interesting  astrophysical  implica¬ 
tions,  it  hardly  seems  like  the 
basis  for  a  practical,  energy-stor¬ 
age  device. 

The  scientific  interest  in  such 
matters  entered  a  new  and  con¬ 
troversial  phase  following  claims 
made  in  1999  that  l7Wm2Hf  could  re¬ 
lease  its  2.4  MeV  of  stored  energy 
when  bombarded  by  x-ray  photons 
with  energies  of  less  than  100  keV. 

If  such  triggering  were  indeed  pos¬ 
sible  at  a  reasonable  rate,  the 
practical  implications  could  have 
been  major. 

The  ensuing  complex  story  of 
claims  and  counterclaims  has 
been  told  in  an  article  by  one  of 
us14  and  in  the  May  2004  PHYSICS 
TODAY  news  story  cited  above.  We 
don't  wish  to  repeat  those  argu¬ 
ments  here.  Suffice  it  to  say  that 
the  original  claims  have  not  been 
confirmed  to  the  satisfaction  of  the 
nuclear  physics  community.  There 
are  ongoing  efforts  to  quantify  the 
photon  de-excitation  of  l7Mm2Hf. 

The  physics  of  isomer  interaction 
with  the  radiation  field  implies 
that  the  de-excitaticn  will  almost 
certainly  be  possible  at  some  pho¬ 
ton  energy.  But  that  threshold  en¬ 
ergy,  while  of  scientific  interest,  will  very  likely  be  too  high 
to  be  of  practical  use.  Of  course,  other  isomers  may  prove 
themselves  useful. 

One  can  consider,  for  example,  the  possibility  of  stim¬ 
ulated  emission  from  isomers,  and  even  the  construction 
of  a  y-ray  laser  based  on  isomer  decay.  Line  broadening, 
the  most  critical  impediment  to  isomer  lasing,  might  per¬ 
haps  be  overcome  by  exploiting  the  Mossbauer  effect.  But 
many  other  difficulties  remain.16  Nevertheless,  the  poten¬ 
tial  applications  of  isomers  are  widespread,  and  a  better 
understanding  of  the  processes  that  control  their  decay 
may  lead  to  key  advances. 

The  atomic  environment  can  have  a  large  effect  on 
nuclear  decay  rates-  -for  example,  through  the  electron- 
conversion  process.  To  take  an  extreme  case:  If  all  the  elec¬ 
trons  were  stripped  from  a  l7rtHf  atom  while  its  nucleus  was 
in  the  J*  =  16  isomeric  state,  its  half-life  would  increase 
from  the  usual  31  years  to  10"  years.  More  promising  for 
applications,  of  course,  are  techniques  for  hastening  iso¬ 
mer  decay.  For  example,  a  20%  half-life  reduction  has  been 
demonstrated16  for  highly  stripped  ions  of  an  isomer  of 
iron-57.  Less  dramatic  is  the  recently  discovered  1%  short¬ 
ening  of  the  ground-state  half-life  of  7Be  when  the  atoms 
are  caged  within  C60  buckeyballs.17  The  sensitivity  of 
nuclear  decay  to  the  atomic  environment  gives  hope  that 
mixed  atomic-nuclear  effects  may  eventually  provide  a 
way  to  induce  energy  release  from  isomers. 

Exploiting  the  practical  promise  of  isomers  will  re¬ 
quire  a  much  improved  understanding  of  their  basic  prop¬ 
erties.  Theorists  Wojciech  Satula  (University  of  Warsaw) 
and  Ramon  Wyss  (Royal  Institute  of  Technology,  Stock¬ 
holm)  have  reviewed  the  considerable  recent  progress  in 


the  understanding  of  high-spin  nuclear  excitations. llS  For 
the  experimental  progress  of  nuclear  physics,  isomers  are 
excellent  tools  for  accessing  species  far  from  the  valley  of 
stability,  particularly  for  the  study  of  neutron-rich  heavy 
nuclides,  and  even  superheavy  nuclides. 

References 

1.  D.  Belie  et  al.,  Phys.  Rev.  C  65,  035801  (2002). 

2.  B.  Kuitchatov,  I.  Kurtchatov,  L.  Moussovski,  L.  Roussinov, 
Comptes  Rendus  Acad.  Sci.  200,  1201  (1935);  L.  Szilard,  T.  A. 
Chalmers,  Nature  135,  98  (1935). 

3.  C.  F.  von  Weizsacker,  Naturwissenschaften  24,  813  (1936). 

4.  A.  Bohr,  B.  R.  Mottelson,  Phys.  Rev.  90,  717  ( 1953). 

5.  S.  M.  Polikanov  et  al.,  Sov.  Phys.  JETP  15,  1016  <  1962). 

6.  K.  P.  Jackson  et  al.,  Phys.  Lett.  B  33,  281  (.1970). 

7.  P  M.  Walker,  G.  D.  Dracoulis,  Nature  399,  35  (1999);  Hyper- 
fine  hit.  135,  83  (2001). 

8.  M.  Caamano  et  al.,  Eur.  Phys.  J.  A  23,  201  (2005). 

9.  Y.  A.  Litvinov  et  al.,  Phys .  Lett.  B  573,  80  (2003). 

10.  F.  R  Xu,  E.  G.  Zhao,  R.  Wyss,  P.  M.  Walker,  Phys.  Rev.  Lett. 
92,  252501  (2004);  S.  Hofmann  et  al.,  Eur.  Phys.  J.  A  10,  5 
(2001). 

11.  K.  Jain  et  al.,  Nucl.  Phys.  A  591,  61  (1995). 

12.  L.  K.  Pattison  et  al.,  Phys.  Rev.  Lett.  91,  182501  (2003). 

13.  P.  M.  Walker,  G.  D.  Dracoulis,  J.  J.  Carroll,  Phys.  Rev.  C  64, 
061302(H)  (2001). 

14.  J.  J.  Carroll,  Laser  Phys.  Lett.  1,  275  (2004). 

15.  G.  C.  Baldwin,  J.  C.  Solem,  Rev.  Mod,  Phys.  69,  1085  (1997): 
J.  J.  Carroll,  S.  Karamian,  L.  Rivlin,  A.  Zadernovskv,  Hyper- 
fine  1 nt.  135,  3  (2001). 

16.  W.  R.  Phillips  et  at,  Phys.  Rev.  Lett.  62,  1025  (1989). 

17.  T.  Ohtsuki  et  at,  Phys.  Rev.  Lett.  93  112501  (2004). 

18.  W.  Satula,  R.  A.  Wyss,  Rep.  Prog.  Phys.  68,  131  (2005).  ■ 


44  June  2005  Physics  Today 


h  ttp ://  www.  p  hy  s  ic  s  today.org 


Laser  Physics,  VoL  15,  No.  4,  2005,  pp.  487-491. 
Original  Text  Copyright  (D  2005  by  Astro,  lid. 

Copyright  ©  2005  by  MAI K  ' ' N  auka  i  Interperiodica"  (Russia) 


MODERN  TRENDS 
IN  LASER  PHYSICS 


Limits  on  Nuclear  Excitation  and  Deexcitation 
of  178Hfm2  by  Electron-Nucleus  Coupling 

M.  R.  Harston*  and  J.  J.  Carroll 

Department  of  Physics,  Youngstown  Stale  University ,  Youngstown ,  Ohio  44455,  USA 
*  e-mail:  mharston@cc.ysu.edu 
Received  October  7,  2004 


Abstract — Nuclear  excitation  in  transitions  that  arc  resonant  with  electronic  dccxcitations  are  discussed  in  the 
context  of  recent  claims  of  the  triggering  of  the  decay  of  178 HP12  by  irradiation  with  low-energy  photons 
(C.  Collins  et  al.  Laser  Phys.  14,  154  (2004)).  The  upper  limits  for  the  NEET  cross  sections  are  a  <  10  31  cm2 
for  transitions  filling  L-shell  holes.  These  results  are  significantly  below  the  values  of  10  22  era3  reported  by 
Collins  et  d.  and  confirm  the  recent  results  by  Tkalya  (E.  Tkalya,  Phys.  Rev.  C.  68,  06461 1  (2003)).  These  cal¬ 
culations  suggest  that  NEET  is  unlikely  to  be  the  mechanism  responsible  for  the  reported  apparent  enhance¬ 
ments  of  l78Hf  nuclear  line  intensities  by  X-ray  irradiation. 


1.  INTRODUCTION 

There  has  been  considerable  interest  in  recent  years 
in  the  investigation  of  low-energy  triggering  of  the 
decay  of  the  2.45-MeV  isomeric  state  '^Hf™2  1 1  J.  Null 
results  have  been  obtained  by  several  groups  (see  the 
summary  in  Ref.  [1]).  Collins  and  coworkers  [2,  3J 
have,  however,  reported  enhancements  in  the  decay  rale 
corresponding  to  a  cross  section  for  triggering  by  pho¬ 
tons  with  energies  close  to  the  L-shell  edge,  that  is,  2  x 
10  3  of  the  photoionization  cross  section.  The  sug¬ 
gested  mechanism  for  triggering  was  the  NEET  pro¬ 
cess,  i.e.,  the  excitation  of  the  nucleus  by  resonant 
deexcitaiion  of  an  initially  excited  elecuonic  state.  This 
process  has  been  detected  in  die  exciiation  of 197 Au  fol¬ 
lowing  irradiation  by  photons  wiLh  energies  just  above 
the  K-shell  edge.  The  probability  for  NEET  excitation 
after  creation  of  a  K-shell  hole  was  found  to  be  (5.0  ± 
0.6)  x  ICE8  |4J.  Initial  theoretical  estimates  1 51  indicated 
a  significantly  larger  theoretical  NEET  probability,  but 
a  more  recent  calculation  [6 1  gives  a  NEET  probability 
of  3.6  x  10  8,  in  reasonable  agreement  with  experiment. 

The  principal  objecL  of  this  article  is  lo  obtain  esti¬ 
mates  of  NEET  probabilities  and  cross  sections  for  var¬ 
ious  possible  NEET  transitions  in  l78HF"2  in  order  to 
examine  the  claims  of  low-energy  triggering  in  this 
nuclide. 


2.  THEORY 

Lei  us  consider  Lhe  deexcilarion  of  an  initially 
excited  electronic  slate  i  in  an  atom  with  the  nucleus  in 
level  /.  In  most  cases,  this  state  deexcites  to  a  lower 
lying  state  by  a  radiative  or  Auger  transition.  In  the  case 
of  a  NEET  transition,  the  electronic  stale  deexcites  by 
the  exchange  of  a  virtual  photon  with  the  nucleus, 
which  is  excited  to  the  level  ZL  Symmetry  requires  that 
the  electronic  transition  have  the  same  multipolarity  as 


that  of  the  nuclear  transition.  The  probability  for  the 
decay  of  Lhe  electronic  state  by  NEET  as  opposed  Lo 
purely  electronic  decay  is  known  as  the  NEET  proba¬ 
bility.  This  probability  is  given  by 

P neetO'  /) 

=  ( 1  +  iYi  (1) 

^  rJ(«,-m,)’  +  (r,  +  r//4' 

where  F,  and  Tf  are  the  total  widths  of  the  initial  and 
final  (/)  hole  slates;  co<,  and  c%  arc  the  energies  of  die 
electronic  and  nuclear  transitions,  respectively;  and 
Vif(jiL)  is  the  NEET  matrix  clement.  Here  and  below, 
we  use  relativistic  units  (c  =  m  -  h  =  1)  unless  otherwise 
stated.  The  matrix  element  is  given  by 


|*V(7CL)|2 


=  47tacoi 


L/.l  2 

2  (Cfru  ) 

L2l(2L  +!)!!] 


(2) 


where  a  is  the  fine  structure  constant,  j{  and  jf  are  the 
total  angular  momenta  of  the  initial  and  final  electronic 
subshells,  If  ifJiL)  is  the  reduced  nuclear  transition 
probability  for  a  transition  from  the  initial  nuclear  state 
to  the  excited  nuclear  state,  Me(nL)  is  the  electronic 

matrix  element  for  the  transition,  and  is  a  Cleb- 

sch-Gordan  coefficient.  The  nuclear  electromagnetic 
moment  is  here  related  to  the  reduced  nuclear  matrix 
elemenL  by 


(2;,  +  1 ) 


(3) 
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Table  1.  Level  properties  for  low-lying  electronic  levels 
of  hafnium 


Subshell 

Energy,  keV 

Width,  eV 

Photoex  citation 
cross  section, 
xlO_20cm2 

Is 

65.351 

42 

0.28 

2s 

11.271 

5.6 

1.1 

to 

10.739 

5.0 

2.1 

-Pvi 

9.561 

4.9 

4.6 

3s 

2.600 

12.7 

3.0 

3^1/2 

2.365 

4.5 

5.1 

3/?3/2 

2.108 

6.5 

14.8 

3^3/2 

1.716 

1.5 

12.5 

3^5/2 

1.662 

3.0 

8.5 

where  M(kL)  is  Lhe  electromagnetic  transition  operator 
[71  and  jf  and  jE  are  the  spins  of  the  initial  and  excited 
nuclear  states,  respectively. 

The  cross  section  for  production  of  a  given  initial 
atomic  sLate  followed  by  a  NEET  process  can  be  calcu¬ 
lated  by  summing  over  NEET  transitions  that  fill  the 
given  hole  state: 

aNEEr(0  =  neetU  - **/)>  (4) 

where  oP£^i)  is  the  cross  section  for  photoexcitation  of 
the  hafnium  atom,  yielding  the  initial  electronic  hole 
state  i. 

Once  an  exciled  level  E  is  populated  by  NEET,  it 
may  either  decay  back  to  the  initial  nuclear  state  /  or  to 
another  nuclear  level.  The  experimentally  observable 
cross  section  for  the  population  of  a  nuclear  level  F  by 


NEET  probabili  ty 


Fig.  1.  Probabilities  for  L  =  1  NEET  transitions  to  nuclear 
levels  at  17,  29,  and  62  keV  filling  a  K-shell  hole.  The 
curves  for  the  2/J3/9  — ►  Is  (17  keV  El)  and  2s  — ►  Ls 
(29  keV  Ml)  coincide. 


excitation  from  the  level  /  via  the  level  E,  a,  is 

given  by 

=  ^NEET -+£-»£»  (5) 

where  R{^E^F  is  the  branching  ratio  for  decay  to  the 
state  F: 


where  XE  ^  F  is  the  to  Lai  (IC  +  y)  decay  rate  from  level  E 
to  level  F  and  XE  ^  ,  is  the  total  decay  rate  from  level  E 10 
level  /.  Equation  (6)  assumes  that  the  nuclear  level  E  pos¬ 
sesses  only  two  decay  branches. 

3.  RESULTS 

According  to  the  nuclear-level  scheme  in  |8|,  only 
two  levels  lying  within  80  keV  of  the  m2  isomer 
(2446.1  keV  above  the  ground  level)  have  been  fully 
characterized.  One  of  these  Is  the  level  lying  at 
2433.3  keV,  which  corresponds  lo  the  13"  level  of  the 
K-  8,  band.  This  level  is  populated  in  the  12.7-keV 
E3  deexcitation  of  the  m2  isomer,  its  dominant  decay 
branch.  The  other  level  lies  at  2485  keV  above  the 
ground  state  and  corresponds  to  the  12'  level  of  the 
K  =  82  band.  Such  a  level  could  be  exciLed  from  the 
m2  level  by  a  39-keV  M4  transition.  There  is  some  ten¬ 
tative  data  for  levels  lying  17,  28.6,  and  62  keV  above 
the  m2  level,  but  none  of  Lhese  has  a  spin/parily  assign¬ 
ment.  Nevertheless,  we  can  derive  upper  limits  on  the 
NEET  probabilities  and  NEET  cross  sections  for  exci¬ 
tation  of  these  levels  by  considering  the  lowest  multipo¬ 
larity  transitions  possible,  namely.  Ml,  El,  and  E2  tran¬ 
sitions.  In  the  following,  we  have  calculated  Lhe  transi¬ 
tion-matrix  elemenls  in  Eq.  (2)  using  Dirac-Fock 
electron  wave  functions  [9].  Electronic  transitions 
appropriate  to  the  multipolarities  considered  here  are 
n'K'  — ►  nK  with  n  -  1,  2,  ri  -  2-5,  and  |k|  <  3,  with  k 
being  the  relativistic  quantum  number.  Table  1  contains 
a  summary  of  the  energies,  widths,  and  photoexcitation 
cross  sections  for  the  orbitals  of  hafnium  with  n  <  3 
based  on  data  in  [10-12]. 

There  have  been  no  claims  of  triggering  near  Lhe 
K  edge  [1],  but  only  1  s  vacancies  can  support  NEET  for 
the  known  nuclear  levels  discussed  above,  due  to 
energy  conservation.  In  Fig.  1,  we  show  the  NEET 
probabilities  as  a  function  of  B  for  several  transitions 
filling  ls  holes.  The  results  for  B  =  1  Weisskopf  unit 
(W.u.)  can  be  considered  as  effective  upper  limits  for 
L-  1  transitions,  which  are  likely  to  be  significantly 
hindered.  NEET  transitions  with  L  >  1  have  signifi¬ 
cantly  smaller  probabilities  than  those  with  L  -  1,  even 
for  intraband  E2  transitions,  for  which  B  can  attain  val¬ 
ues  near  100  W.u. 

For  both  El  and  Ml  transitions,  the  total  NEET 
probability  for  filling  a  ls  hole  for  B  =  1  W.u.  is  of  the 
order  of  10-9  or  less.  The  3s  — ►  ls  transition  probabil- 
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Fig.  2.  Probabilities  for  NEET  transitions  filling  K-  and  L- 
sbell  holes  assuming  perfect  energy  matching  between  the 
nuclear  and  electronic  transitions. 


ity,  for  the  level  lying  62  keV  above  the  m2  isomer,  is 
largest  because  energy  matching  is  the  closest  in  this 
case,  vviLh  a  detuning  8  =  to(J  -  <%  value  less  lhan  1  keV. 
The  oilier  transitions  are  far  from  resonance  and  have 
energy  mismatches  of  the  order  of  tens  of  keV.  Excita¬ 
tion  of  the  level  lying  39  keV  above  the  m2  isomer  by 
an  M4  NEET  transition  has  a  probability  of  less  than 
10  25  even  for  B  -  1  W.u.,  due  to  the  high  multipole 
order  and  Lhe  large  detuning.  We  emphasize  thaL  the 
NEET  probability  is  zero  for  L-shell  excitations  of  the 
known  nuclear  levels. 

We  now  consider  NEET  transitions  filling  L-shell 
holes.  Since  there  are  no  known  nuclear  levels  lying 
within  16  keV  above  the  m2  isomer,  such  NEET  transi¬ 
tions  require  hypothesising  the  existence  of  an 
unknown  nuclear  level.  We  can  derive  upper  limiLs  on 
the  NEET  probabilities  by  assuming  thaL  hie  hypothet¬ 
ical  nuclear  level  exists  with  an  energy  that  would  give 
perfect  resonance  with  the  electronic  transition  (8  =  0). 
NEET  probabilities  calculated  on  this  basis  are  shown 
in  Fig.  2.  Using  Eq.  (4)  gives  the  cross  sections  shown 
in  Fig.  3.  If  we  assume  B  <  1  W.u.,  then  we  obtain  an 
upper  limit  on  the  NEET  probabilities  of  #NEBX  <  2  x 
1CU*  for  transitions  filling  L  shells.  The  corresponding 
result  for  transitions  filling  the  K  shell  is  #NE[ tX  <  2  x 
103,  in  agreement  with  previous  results  on  the  Z  = 
70  atom  1 13 1.  These  correspond  to  exciialion  cross  sec¬ 
tions  of  the  order  of  HE23  cm2,  using  Eq.  (4)  and  values 
from  Table  1.  Such  cross  sections  are  relatively  large, 
bui  ii  must  be  remembered  that  these  are  extreme  upper 
limits,  since  the  probability  of  a  nuclear  level  lying 
within  a  few  keV  above  the  isomeric  level  is  remote. 
Furthermore,  as  discussed  below,  Lhese  cross  sections 
are  purely  for  nuclear  excitation  and  do  not  Lake  into 
account  the  process  of  nuclear  deexcitation  to  lower 
lying  nuclear  levels.  We  can  compare  these  cross  sec¬ 
tions  with  the  cross  sections  for  direct  nuclear  photoex¬ 


NEET  cross  section,  cm2 


Fig.  3.  Cross  sections  for  NEET  transitions  filling  K-  and  L- 
shell  holes  assuming  perfect  energy  matching  between  the 
nuclear  and  electronic  transitions. 


citation.  The  integrated  cross  sections  for  nuclear  pho- 
loexciLation  for  transitions  ai  10  keV  wiLh  B  =  1  W.u.  are 
4  x  10  23  cm2  eV  for  VA  transitions,  1  x  10  31  cm2  cV  for 
E2  transitions,  and  4  x  10"35  cm 7  eV  for  M  l  transitions. 
The  recent  experiments  by  Collins  used  narrow-band¬ 
width  radiation  with  a  bandwidth  of  the  order  of  0.1- 
1  eV.  Such  bandwidths  are  much  larger  than  Lhe  widths 
for  nuclear  photoexcitation  but  much  smaller  than  the 
energy  scale  (^keV)  of  the  gross  features  in  the  above- 
threshold  electronic  photoexcitaiion  cross  section. 
Thus,  to  obtain  estimates  of  integrated  cross  sections 
for  nuclear  photoexcitaiion  by  NEET,  wc  can  simply 
multiply  the  above-mentioned  NEET  cross  sections  by 
the  beam  width.  For  a  1-cV  wide  beam,  the  imcgraicd 
cross  secuon  for  NETT  is  10'  M  cm2  eV  for  the  El 
3 dya  — *■  2 pm  transition,  10  24  cm2  cV  for  the  Ml 
35 — -  25  transition,  and  10  27  cm2  cV  for  the  E2 
3py2  — ►  2/? |/2  transition.  Hence,  for  equal#  values,  Lhe 
cross  section  for  direct  El  photonuclcar  excitation  is 
one  order  of  magnitude  larger  than  lhai  for  the  El 
NEET  transition  at  8  =  0,  while  for  the  M  l  and  E2  tran¬ 
sitions,  the  cross  sections  for  direct  photonuclcar  exci¬ 
tation  are,  respectively,  one  and  four  orders  of  magni¬ 
tude  smaller  than  those  for  the  NEET  transitions  at 
8  =  0. 

A  recent  theoretical  calculation  on  NEET  excitation 
in  '^HP^by  the  filling  of  L-shcll  holes  was  reported  by 
Tkalya  [14],  who  also  assumed  perfect  energy  match¬ 
ing  between  the  electronic  and  nuclear  transitions.  The 
NEET  matrix  elements  and  probabilities  obtained  here 
are  in  good  agreement  with  those  reported  by  Tkalya: 
the  values  agree  within  20%  except  in  the  case  of  the 
35  — -  2/?3/2  transition,  where  the  squared  matrix  cle¬ 
ment  in  the  present  calculation  is  1 .6  x  1 0  4  cV2,  which 
is  somewhat  smaller  lhan  the  value  of  2.7  x  10~3  cV2 
reported  in  |14|. 
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Table  2.  Summary  of  branching  ratios  for  the  dominant 
nuclear  cxciiaiion  and  dcexcitaiion  pathways 


Excited 
level  E 

Final 
level  F 

(nDie 

(kL)ef 

R  (f=  100) 

R(f=  66) 

15“ 

13~ 

EJ 

£2 

6x  10-15 

o 

X 

14+ 

13- 

E2 

El 

4x  105 

3  x  10"4 

15+ 

13" 

Ml 

M2 

9  x  I0*16 

7  x  10“15 

In  order  to  calculate  the  branching  ratio  for  deexci- 
taiion  of  level  E  to  a  nuclear  level  other  than  the  m2  iso¬ 
mer,  some  assumptions  have  to  be  made  about  the  type 
of  nuclear  state  E  produced  in  the  NEET  process.  The 
most  favorable  cases  for  an  excitation  from  the  Jk  = 
16%  K  =  16  m2  isomer  to  any  higher  lying  sLaie  would 
be  El,  Ml,  or  E2.  We  will  consider  the  likelihood  of 
various  angular-momenta  assignments  for  ihe  hypo¬ 
thetical  level  based  on  these  mulLipolarities.  In  the  case 
of  an  E2  exciLaiion  due  lo  NEET,  ii  would  be  possible 
to  reach  a  level  having  J  -  14,  15,  16,  17,  or  18,  This 
level  is  required  by  the  assumption  of  perfect  matching 
with  L-shell  transitions  to  be  about  11  keV  or  less 
above  Lhc  isomer  and,  therefore,  lies  no  higher  than 
about  2457  keV.  Nolc  thaL  triggered  energy  release  has 
been  claimed  near  both  the  LI  and  L3  edges,  namely,  at 
1 1 .27  and  9.56  keV,  respectively  [2, 31.  Members  of  the 
K  =  0  ground-state  band  attain  angular  momenta 
through  collective  rotation  and  reach  only  7=  14  by  an 
excitation  of  2777  keV.  The  highest  angular  momentum 
achieved  by  rotational  band  members  builL  on  other 
intrinsic  states  by  2457  keV  arises  in  the  Jn  =  13 ~,K  = 
8  level  in  the  m  1-isomer  band,  and  this  is  below  the  m2 
isomer.  It  is  clear  that  any  hypothetical  level  with  J>  13 
postulated  at  or  below  2457  keV  would  be  vast,  with  its 
large  angular  momentum  coming  from  a  single-particle 
sirucmre  raLher  than  collective  rotation.  It  would,  there¬ 
fore,  be  an  isomer  as  well,  Lhough  none  has  been 
deLecLed  thus  far. 

Assuming  the  existence  of  a  previously  undiscov¬ 
ered  level  of  high  intrinsic  angular  momentum  near 
2457  keV  that  can  be  excited  from  the  m2  isomer,  the 
question  remains  as  to  how  its  decay  could  branch  to 
other  levels.  Again,  a  comparison  of  the  minimum 
angular  momentum  of  the  hypothetical  sLate  £,  Jn  = 
14+,  shows  that  only  the  Jn=  13",  K  =  8  level  is  avail¬ 
able  for  a  reasonable  decay  path  by  modesL  multipolar- 
ily.  Reaching  Lhis  proposed  Level  E  would  require  an  E2 


transition,  since  the  nuclear  excitation  and  decay  of  E  to 
the  13'  level  would  be  El.  Ml  or  E2  transitions  from 
m2  to  E  could  produce  J%  =  15+  or  15  .  Again,  the  pau¬ 
city  of  lower  lying  levels  of  significant  angular  momen¬ 
tum  suggests  that  an  energy-releasing  branch  is  only 
likely  to  the  same  13“  state.  Supposing  angular 
momenta />  1 5  for  level  E  would  only  increase  the  dif¬ 
ficulty  involved  in  finding  a  suitable  level  to  which  it 
could  decay  in  order  to  release  the  nuclear  excitation. 
We  reject  the  temptation  to  introduce  yet  another  hypo¬ 
thetical  state  as  a  destination  for  such  a  decay  branch. 
Thus,  Lhe  mosL  likely  among  improbable  designations 
for  Lhe  trigger  level  E  would  be  J%  ~  14+,  15+,  or  15  . 
On  Lhis  basis,  characteristics  for  the  deexcitaiion  of  E 
are  shown  in  Table  2.  Branching  ratios  have  been  esti¬ 
mated  by  Lhe  same  procedure  as  in  [14],  using  the  rela¬ 
tion  XEF  =  XEFHEF  with  XEF  as  the  Weisskopf  B  value, 
and  the  hindrance  HEF  was  derived  from 


wherc/is  the  reduced  hindrance  and  LEF  is  the  multipo¬ 
larity  of  the  E  — ►  F  transition.  In  [14],  a  value  of  f  - 
100  was  assumed,  which  yielded  branching  ratios  of 
approximately  10-14  for  Ml  and  El  transitions  and  10~5 
for  E2  transitions.  For  l78Hf,  the  B  value  of  the  domi¬ 
nant  decay  branch  by  the  1 2.7-keV  E3  transition  of  the 
m2  isomer  is  reproduced  with  a  value  of/  -  66  [15). 
This  gives  the  values  for  R  shown  in  Table  3.  Using  the 
above  results  together  with  Eq.  (5),  the  results  for  the 
total  deexcitation  cross  sections  are  shown  in  Table  3. 
The  upper  limit  on  the  total  decxciiation  cross  section 
for  NEET  transitions  filling  L-shell  holes  then  becomes 
o{^E^F(L)  <  10~31  cm2.  This  result  is  in  agreement 
with  the  results  of  [14],  where  an  upper  limit  of 
Of  ^  f(L)  <  1032  cm2  was  deduced. 

4.  CONCLUSIONS 

NEET  transitions  filling  the  L  shell  of  hafnium 
require  Lhe  existence  of  an  unknown  nuclear  level  lying 
within  1 1  keV  of  the  isomeric  level.  Upper  limits  on  the 
NEET  probability  can  be  derived  assuming  a  B  value  of 
1  Weisskopf  unit  (W.u.)  for  the  nuclear  transition  and 
perfect  energy  matching  between  the  nuclear  and  elec¬ 
tronic  transitions.  The  extreme  upper  limiL  on  the  trig¬ 
gering  cross  section  is  a  <  1(T31  cm2,  supporting  the 
recem  results  presented  in  |14|.  This  is  significantly 


Table  3,  Summary  of  NEET  probabilities  and  cross  sections  for  the  dominant  transitions 


Transition 

nL 

P  NEET 

C’NEET  (Cm?) 

R 

cm2) 

35  —  25 

Ml 

1.1  x  10-4 

1  x  10“24 

10-14 

l0-38 

3/?3/2  ^  25 

El 

2.8  x  10  5 

2  x  10-25 

10  14 

10  39 

35  2/?3/2 

El 

8.0  x  10”6 

4  x  10-25 

10  14 

10  39 

3 Pm  ^ 

E2 

4.0  x  10"8 

3  x  10-27 

10-4 

10-3. 
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Table  4.  Subshell  internal  conversion  coefficients,  a„x,  for 
the  12.7  keV  E3  decay  of  ^Hf™2 


Subshell  hk 

%jjc; 

2P\/2 

4.0  x  106 

^PV2 

5.7  x  106 

3  s 

9.7  x  103 

3p(/2 

1.5  x  106 

3 Pm 

1.9  x  106 

3  dy2 

2.9  x  105 

3^5/2 

4.6  x  10s 

As 

2.8  x  103 

4Pl/2 

3.8  x  I05 

4/N/2 

4.8  x  10s 

443/2 

7.0  x  )04 

445/2 

LI  x  10s 

5s 

5.0  x  102 

$Py/  2 

5.5  x  104 

5^3/2 

6.6  x  105 

543/2 

3.9  x  103 

Total 

1.5  x  107 

less  than  the  cross  section  deduced  from  the  experimen¬ 
tal  data  in  [2,  3].  Hence,  it  would  seem  that  the  reported 
y-ray  enhancements  are  far  too  large  to  be  explained  by 
NEET. 

In  [2,  31,  the  electron  bridge  was  also  mentioned  as 
a  potential  mechanism  for  photon-induced  decay  of  the 
isomer.  The  electron  bridge  is  a  third-order  or  higher 
contribution  to  the  y-decay  rate  of  the  nucleus  and 
occurs  when  an  initially  excited  nuclear  state  decays  by 
excitation  of  an  electron  to  a  virtual  state  that  deexcites 
to  a  lower  lying  final  electronic  state.  Experimental  data 
on  the  electron  bridge  is  scarce.  In  [16],  the  80.7-keV 
M4  decay  of 193  lrm  was  examined  experimentally,  and  iL 
was  suggested  that  the  electron  bridge  constitutes 
approximately  20%  of  the  y-decay  rate.  Since  the  inter¬ 
nal  conversion  coefficient  in  this  case  is  approximately 
1.5  x  105,  this  would  correspond  to  an  electron-bridge 
contribution  to  the  total  rate  on  the  order  of  10  10  6 

of  the  total  rate.  The  energy  (12.7  keV)  and  multipolar¬ 
ity  (E3)  for  1782Hfn  decay  are  not  the  same  as  those  for 
193Irm  decay.  Hence,  the  electron-bridge  contributions 
could  be  different  also.  However,  both  decays  share  the 
characteristic  that  the  dominant  internal  conversion 
occurs  in  the  L  shell  (see  Table  4).  Additionally,  the 
radial  operators  of  the  matrix  elements  for  internal  con¬ 


version  by  E3  and  M4  transitions  are  such  that  the 
region  of  space  that  gives  the  dominant  contribution  Lo 
the  matrix  elements  is  approximately  the  same  in  both 
cases.  Hence,  the  elec u*on- bridge  contribution  in  17SHf 
might  not  be  too  far  from  that  in  l93Ir.  We  arc  currently 
evaluating  the  electron-bridge  contribution  Lo  ,78Hrm2 
with  an  eye  to  determining  the  extern  to  which  this  con¬ 
tribution  could  be  changed  by  the  presence  of  electron 
holes  due  to  photon  irradiation  with  low-energy  X  rays. 
At  the  present  time,  the  most  plausible  explanation  of 
the  results  in  [2,  3|  would  appear  to  be  an  anomaly  in 
the  subtraction  of  the  background  y-decay  spectrum 
from  the  spectrum  collected  during  Lhe  synchrotron 
pulse. 
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Abstract — Two  nuclear  processes  involving  a  nuclear  transition  that  is  resonant  with  an  electronic  transition 
are  discussed.  In  one,  known  as  BIC,  the  nucleus  dc-excites  by  excitation  of  an  electron  to  a  bound  orbital,  and 
thus  this  process  constitutes  a  sublhreshold  contribution  to  the  nuclear  decay  rate.  In  the  second  process,  known 
as  NEET  nuclear  excitation  occurs  by  de-excitation  of  an  initially  excited  electronic  state.  The  current  status 
of  experiment  and  theory  for  these  two  processes  is  reviewed.  Theoretical  results  for  NEET  for  different  elec¬ 
tronic  transitions  in  several  nuclei  are  presented  in  order  to  consider  upper  limits  on  the  NEET  probability. 


1.  INTRODUCTION 

In  this  article,  we  discuss  two  processes  (Fig.  1)  that 
can  populate  or  depopulate  nuclear  levels  by  coupling 
of  the  nucleus  to  the  atomic  electrons.  The  first  process 
is  a  nuclear  decay  process  known  as  bound  (or  sub¬ 
threshold)  internal  conversion  (BTC).  In  BIC  decay,  the 
de-excitation  of  the  nucleus  is  accompanied  by  excita¬ 
tion  of  a  bound  electron  to  an  excited  bound  orbital. 
The  second  process,  the  reverse  of  BIC,  is  a  nuclear 
excitation  process  known  as  NEET  (nuclear  excitation 
by  electronic  transitions),  where  an  initially  excited 
electronic  state  de-excites  by  transfer  of  energy  to  the 
nucleus.  NEET  was  first  proposed  theoretically  by 
Morita[l]  in  1973,  but  convincing  evidence  for  the  pro¬ 
cess  was  only  seen  in  2000  [2],  Evidence  for  BIC  decay 
also  appeared  at  the  same  time  [3].  In  Section  2,  we 
summarize  the  theoretical  basis  common  to  both  the 
NEET  and  BIC  processes.  In  Sections  3  and  4,  we 
review  the  current  status  of  experiment  and  theory  for 
BIC  and  NEET.  Finally,  in  Section  5,  we  present  theo¬ 
retical  results  on  NtlET  transitions  in  order  to  discuss 
upper  limits  on  NEET  probabilities. 

2.  THEORY  COMMON  FOR  BIC  AND  NEET 

Let  us  consider  a  pair  of  initial  and  final  electronic 
states  with  energies  e^and  a  pair  of  initial  and  final 
nuclear  states  with  energies  co(  j.  The  time-independent 
wave  functions  for  these  states  satisfy  the  equations 

#‘<P  /./  =  E/,/9/./.  O) 

and 

HNX,f  =  Wi./Z/./.  (2) 

where  He  and  HN  are  the  electronic  and  nuclear  Hamil¬ 
tonians,  respectively.  We  will  further  suppose  that  the 
energy  £,  =  £,  +  co,  lies  close  to  the  energy  Ef-Zj+  cty, 
so  that  two  pairs  of  combined  electron-nuclear  levels 


are  nearly  degenerate.  We  can  couple  the  pair  of  states 
i  and /to  give  a  total  time-dependent  wave  function: 

T(r)  =  c,-(/)<px  +  C/(f)<P/X/-  (3) 

Substituting  this  wave  function  into  the  time-dependent 
Schrodinger  equation  yields  the  following  coupled 
equations  for  the  time -dependent  coefficients  c}  j(t)  in 
relativistic  units: 

iE  -  (Ej  -  /T,/2)c,  +  VifCf,  (4) 

'TIT  =  V;  +  (£/-'T//2)e/-  (5) 

where  are  the  total  widths 

r,  -  r;  +  rf  (6) 


BIC  decay 

Nucleus  Electron 

NEET 

Nucleus  Electron 

Fig.  1.  The  BIC  and  NEET  processes. 
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and  V^is  the  coupling  matrix  element.  The  probability 
for  a  nuclear  transition  giving  rise  to  the  nuclear  state/ 
is  given  by 


Pf  =  fjjlc/dt.  (7) 

Solving  the  coupled  equations  and  integrating  then 
yields  the  following  result  for  the  nuclear  transition  rate 
to  the  state /in  the  weak  coupling  limit: 


h  = 


(r,-  +  r,),%r 


(£,-£/r  +  (r;  +  r\)2/4' 


(8) 


In  cases  involving  excitation  or  decay  of  isomeric 
states,  the  nuclear  level  widths  are  less  than  10-6  eV, 
corresponding  to  half-lives  longer  than  nanoseconds. 
The  electronic  level  widths  arise  from  the  usual  pro¬ 
cesses  associated  with  filling  of  a  hole  state;  radiative  or 
Auger  decay.  If  the  hole  is  in  the  inner  electronic  shells, 
a  typical  value  for  the  electronic  width  for  a  medium  to 
high  Z  atom  is  of  the  order  of  one  electronvolt  or  tens  of 
electronvolts.  Thus,  for  excitation  or  de-excitation  of 
isomeric  states  from  long-lived  ground  or  isomeric 
states,  the  total  level  widths  appearing  in  the  above 
equation  will  be  dominated  by  the  electronic  widths. 

In  the  case  of  NliET  excitation,  it  is  convenient  to 
define  the  nuclear  excitation  probability  for  an  initially 
excited  electronic  state.  This  is  just  the  nuclear  transi¬ 
tion  rate  divided  by  the  total  rate  for  de-excitation  of  the 
hole,  so  that  PNLLT  ~  X(!Vr  Using  Eq.  (8)  gives  a  result 
for  PN1;};T  that  is  precisely  the  same  as  that  obtained  by 
an  S-matrix  method  [4].  We  can  also  see  from  Eq.  (8) 
that,  in  order  to  maximize  the  nuclear  transition  rate,  we 
should  minimize  the  energy  mismatch  S  =  El  -  E;.  One 
technique  that  can  be  used  to  reduce  the  energy  mis¬ 
match  is  to  use  the  charge-state  dependence  of  the  elec¬ 
tronic  binding  energies. 

The  coupling  matrix  element  can  be  calculated  by  a 
standard  multipole  expansion  of  the  electron-nucleus 
interaction  and  is  essentially  the  same  as  that  appearing 
in  normal  internal  conversion  decay  except  that  the 
final-state  continuum  electron  wave  function  is 
replaced  by  the  appropriate  bound  electron  wave  func¬ 
tion.  The  result  is 


=  4  ji  a  co 


!£  +  : 


(Ch'n 
V  ' —  jf  ( 1  / ?.  LO 


r[(2L+l)!!r 


(9) 


where  co  is  the  nuclear  transition  energy,  B(nL)  is  the 
nuclear  electromagnetic  transition  moment,  and 
Me(n L)  is  the  electronic  matrix  element.  For  a  magnetic 
multipole  transition,  the  latter  is  given  by 

Me(ML)  =  (k,  +  Ky)j*[£,/ y  +  gjf i]hL{(i)r)d>\  (10) 

where  g^and /  ^are  the  large  and  small  components  of 
the  Dirac  radial  wave  functions  for  the  initial  or  final 


Energy  £,  keV 


Fig.  2.  The  charge  stale  dependence  of  ihe  K- shell  binding 
energy  in  highly  charged  ions  ol  Te. 


electronic  states  having  relativistic  quantum  numbers 
Kitf.  In  order  for  the  matrix  element  V;/to  be  nonzero,  it 
is  clear  that  the  nuclear  and  electronic  transitions  must 
have  the  same  spin  and  parity  changes. 


3.  STATUS  OF  EXPERIMENT  AND  THEORY 
FOR  BIC  DECAY 


BIC  decay  is  an  extra  contribution  to  the  decay  rate 
that  adds  to  the  usual  y decay  and  above-threshold  inter¬ 
nal  conversion  decay  contributions: 


X[  -  Xy  +  XlC  +  A,B|C.  (11) 

One  can  define  a  subthreshold  conversion  coefficient  in 
precisely  the  same  way  as  the  above-threshold  conver¬ 
sion  coefficient,  by  dividing  the  BIC  rate  by  the  rate  for 
nuclear  y  decay: 


Evidence  for  BIC  decay  has  come  from  experiments  on 
highly  charged  ions  of  I2’sTe.  This  nucleus  has  a  first 
excited  state  at  35.5  keV  that  decays  by  an  Ml  transi¬ 
tion,  which,  in  the  neutral  atom,  is  converted  predomi¬ 
nantly  in  the  K  shell.  The  K-shell  conversion  coefficient 
in  the  neutral  atom  is  12.0,  whilst  the  total  conversion 
coefficient  is  13.9.  The  binding  energy  in  the  neutral 
atom  is  3 1 .8  keV.  When  the  atom  is  ionized,  the  binding 
energy  increases  with  charge  state  (Fig.  2)  and  a  charge 
state  is  eventually  reached  when  the  binding  energy 
becomes  greater  than  the  nuclear  transition  energy.  This 
occurs  at  charge  state  q  -  45+.  Hence,  K-shell  conver¬ 
sion  by  the  normal  above-threshold  process  should  be 
energetically  forbidden  in  the  ions  with  q  >  44.  Experi¬ 
ments  at  GANIL  by  the  Bordeaux  group  [3,  5]  have 
nevertheless  indicated  a  significant  contribution  from 
K-shell  decay  in  the  ions  45+  and  46+ .  The  most  recent 
experiment  [3]  employed  a  detection  system  that 
enabled  both  K-shell  X  rays  following  IC  decay  and 
nuclear  y  rays  to  be  detected  in  coincidence  with  a  sig- 
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Table  1.  Summary  of  experiment  and  theory  for  recent 
results  on  bound  :mernal  conversion  in  highly  charged  ions 
of  l2Te.  The  quantity  %  is  the  ratio  of  K-shell  X  rays  to 
nuclear  y  rays 


Charge  state 

x£'p 

^Theory 

45+ 

12.5  ±6.2 

7.1 

46+ 

2.86  ±0.99 

2.4 

nal  associated  with  a  particular  ion.  The  deduced  ratios 
of  K-shell  X  rays  to  nuclear  y  rays  are  shown  in  Table  1. 
Since  a  nonzero  ratio  can  only  occur  by  conversion  in 
the  K  shell,  and  since  the  above-threshold  process 
should  be  energetically  forbidden  in  these  charge 
states,  these  results,  particularly  that  for  the  46+  ion, 
indicate  a  significant  contribution  from  a  subthreshold 
internal  conversion  (BIC)  process. 

This  can  be  understood  in  the  following  way.  If  exci¬ 
tation  of  a  K-shell  electron  occurs  to  a  bound  level,  then 
we  expect  such  an  excitation  to  occur  to  a  Rydberg  level 
of  s  symmetry,  since  this  will  maximize  the  electronic 
matrix  elements.  Calculation  of  the  electronic  energy 
level  spectrum  with  Dirac-Fock  electron  wave  func¬ 
tions  [6, 7]  indicates  that  electronic  transitions  1  s  — ^  ns 
can  he  within  a  few  electronvolts  of  resonance  for  dif¬ 
ferent  values  of  n  depending  on  the  charge  state.  Thus, 
n  -  17  lies  close  to  resonance  in  Te45+,  /;  =  8  in  Te46+, 
and  n  =  7  in  Te47+.  Furthermore,  excitation  of  the  Is 
electron  leaves  a  K-shell  hole  that  can  be  filled  by  a  2 p 
electron  in  a  fast  2 p  — -  1  s  transition,  which  has  a  typ¬ 
ical  width  of  the  order  of  several  electronvolts  and  is 
therefore  of  the  same  order  of  magnitude  as  the  energy 
mismatches  for  the  aforementioned  electronic  transi¬ 
tions.  In  the  case  of  BIC,  the  total  widths  are  thus  dom¬ 
inated  by  the  width  of  the  electronic  hole  state  resulting 
from  the  NEET  transition. 

In  the  experiment  of  [3],  the  first  nuclear  excited 
state  is  produced  in  collisions  of  Te  ions  with  a  thorium 
target.  This  produces  initially  excited  electronic  states 
that  will  decay  rapidly  to  one  of  the  five  electronic 

states  with  the  configuration  ls22s22px[f2  2/>v.  However, 

the  lifetimes  of  electronic  states  having  2 p  shell  occu¬ 
pancies  (.r  <  2)  that  differ  from  that  in  the  ground  state 
(x  ~  2)  can  be  sufficiently  long  for  such  excited  states  to 
survive  on  a  timescale  that  is  comparable  with  the  time 
(several  nanoseconds)  for  theTe  ions  to  enter  the  region 
seen  by  the  photon  detection  system.  Thus,  one  has  to 
consider  BIC  decay  in  these  excited  states.  The  differ¬ 
ent  2 p  shell  occupancy  in  these  initial  electronic  states 
modulates  the  energy  of  the  Is  — -  ns  transition  at  the 
electronvolt  level.  This  considerably  enhances  the  pos¬ 
sibility  of  very  close  energy  matching  between  the  elec¬ 
tronic  and  nuclear  transitions.  In  the  45+  ion,  the  clos¬ 
est  energy  matching  occurs  for  the  Is  — ^  Ms  transi¬ 
tion  from  the  \s22s22p\a 2p\a  J  =  3/2  initial  state, 
which  has  a  5  value  of  approximately  1  eV.  Interest¬ 


ingly,  this  yields  a  BIC  coefficient  that  is  approximately 
equal  to  the  IC  coefficient  in  the  neutral  atom.  Further¬ 
more,  in  the  45+  ion,  the  separation  between  Rydberg  s 
states  around  n  =  17  is  approximately  10  eV.  This 
means  that  electronic  transitions  that  are  several  elec¬ 
tronvolts  off-resonance  in  n  =  17  can  be  closer  to  reso¬ 
nance  in  n  =  1 8  and  n  =  1 6  states,  so  that  several  n  states 
contribute  to  the  BIC  decay  rate  of  this  ion.  Summing 
over  the  final  states  for  each  initial  electronic  state  and 
averaging  over  the  initial  electronic  states  yields  theo¬ 
retical  results  for  the  ratios  of  K-shell  X  rays  to  y  rays 
shown  in  Table  1.  These  are  in  reasonable  agreement 
with  the  experimental  results  given  above. 

It  is  noteworthy  that,  in  the  48+  ion  (configuration 
Ijt2^2),  the  absence  of  2 p  electrons  has  the  result  that 
the  width  for  filling  of  a  Is  hole  is  much  smaller  than  in 
ions  with  q  <  48  (where  the  widths  are  dominated  by  the 
fast  2 p  — -  1  $  radiative  transition).  This  means  that  the 
theoretical  BIC  rates  go  practically  to  zero,  in  agree¬ 
ment  with  the  experimental  result  of  no  K-sheJ]  X  rays 
in  this  ion. 


4.  STATUS  OF  EXPERIMENT 
AND  THEORY  FOR  NEET 

There  have  been  many  experimental  attempts  to 
observe  NEET  transitions  in  several  nuclei  (see  [SJ  and 
references  therein),  including  1S9Os  (69.537  keV  level, 
Ml  transition),  iq7Au  (77.351  keV,  Ml  transition),  and 
237Np  (102.96  keV,  El  transition).  These  three  nuclei 
have  a  low-lying  nuclear  excited  state  with  an  excita¬ 
tion  energy  close  to  that  of  an  electronic  transition  fill¬ 
ing  a  K-shell  hole.  In  the  experiments,  the  K-shell  hole 
was  produced  either  by  photoexcitation  (by  narrow  and 
broadband  sources)  or  by  electron  bombardment-  Early 
experiments  appear  to  have  given  false  positive  results 
for  a  variety  of  reasons,  including  spurious  back¬ 
grounds  from  photoexcitation  or  inelastic  electron  scat¬ 
tering.  In  only  one  case  has  there  been  a  clear  unambig¬ 
uous  signal  of  NEET:  in  the  experiment  of  Kishimoto 
et  at  [2]  using  a  very  narrowband  source  at  Spring-8 
with  a  bandwidth  of  19  eV.  In  this  case,  the  photon 
energy  could  be  tuned  to  lie  just  above  the  K-shell  ion¬ 
ization  threshold  and  production  of  the  first  excited 
state  of  197 Au  was  detected  by  measurement  of  delayed 
radiation  associated  with  the  internal  conversion  decay 
of  this  state.  Subtraction  of  a  below-threshold  back¬ 
ground  spectrum  allowed  a  decay  curve  to  be  obtained 
with  a  half-life  equal  to  the  known  half-life  of  this  state. 
The  NEET  transition  responsible  for  the  signal  is 
expected  to  be  the  3 s  — -  Is  transition  for  which  5  = 
-51  eV.  The  experiment  yielded  a  result  for  the  NEET 
probability  of  (5.0  ±  0.6)  x  10“8  that  was  significantly 
smaller  than  the  previous  theoretical  results  (PNlrCT  = 
1.3  x  10~7).  In  fact,  the  latter  contained  a  spurious  factor 
of  (2 L  +  l )  in  the  matrix  elements,  which  led  to  an  over¬ 
estimate  by  a  factor  of  3.  When  this  is  corrected  and  the 
matrix  elements  are  calculated  with  Dirac-Fock  elec- 
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tron  wave  functions,  the  theoretical  result  becomes 
3.6  x  10  y  [8],  in  very  good  agreement  with  experiment. 
Thus,  the  theoretical  description  of  NEET  embodied  in 
Eq.  (8)  now  gives  an  adequate  description  of  the 
nuclear  cxcitaLion  rate  by  NEET. 

Two  recent  and  very  careful  experiments  have  been 
carried  out  on  excitation  of  the  first  excited  state  of 
1S9Os,  where  there  is  a  possible  NEET  transition  involv¬ 
ing  filling  of  a  K-shell  hole,  again  by  a  3s  electron.  One 
experiment  by  Ahmad  et  at.  [9]  gave  the  limit  PNEET  < 
9  x  10-!0.  Another  by  Aoki  et  ai  [10]  gave  the  limit 
P neet"  <  4.1  x  10  10  Both  these  are  consistent  with  the 
theoretical  result  of  PNH Ex  =  1.1  x  10“10  [7].  The  small 
NEET  probability  in  189Os  compared  to  197 Au  is  due  to 
the  much  larger  energy  mismatch  in  the  ls9Os  case  (§  = 

1 .28  keV  against  8  =  -0.051  keV  in  the  case  of  197Au). 
These  experimental  and  theoretical  results  are  summa¬ 
rized  in  Table  2. 

Several  experiments  have  investigated  nuclear  exci¬ 
tation  in  a  laser-produced  plasma  of  2:  'U  ions  (see  [11] 
and  references  therein).  In  this  case,  the  transition  to  the 
very  low-lying  first  excited  state  at  76.8  eV  lies  close  to 
the  energy  of  a  6 p  — -  3d  (q  ~  10+)  or  6 d  — -  6p  (q  ~ 
23+)  electronic  transition.  The  population  of  a  particu¬ 
lar  charge  state  can  in  principle  be  optimized  by  choos¬ 
ing  appropriate  laser  conditions.  The  experiments  are 
based  on  detection  of  the  very  low  energy  (-T  eV)  IC 
electrons  from  the  27-min  decay  of  the  excited  nuclear 
state.  Problems  associated  with  the  detection  of  such 
low-energy  electrons,  particularly  in  the  presence  of 
significant  backgrounds  from  exoelectrons  (electrons 
associated  with  the  relaxation  of  defects  created  by  ions 
in  the  laser  plasma)  and  a  decay,  are  probably  respon¬ 
sible  for  an  early  likely  erroneous  claim  of  a  positive 
nuclear  excitation  signal  from  a  plasma  of  2?5U  heated 
to  a  temperature  of  approximately  100  eV  by  a  CO? 
laser  at  an  intensity  of  1010  W/cm2  [12].  More  recent 
attempts  to  repeat  this  experiment  using  Nd:  YAG  lasers 

NEET  probabiliti 


Fig.  3.  NEET  probabilities  for  MI  NEET  transitions  in  the 
Z  =  54  nucleus  for  B  =  1  W.u. 


Table  2.  Summary  of  experiment  and  theory  for  recent 
results  on  NEET  probabilities 


Nuclide 

Experiment 

Theory 

lS9Os 

<4  x  i(r10 

i.i  x  ia 10 

i97Au 

(5.0  ±  0.5)  x  10"8 

3.6  x  10-8 

at  laser  intensities  of  1G11  W/crn2  or  greater  have  given 
null  results  [13,  14]. 

5.  UPPER  LIMITS  ON  NEET  PROBABILITIES 

It  is  of  interest  to  address  the  following  question: 
How  large  can  NEET  probabilities  be  in  other  systems? 
It  is  clear  that,  since  PN ^  is  proportional  to  the  nuclear 
electromagnetic  moment,  B{kL\  one  expects  NEET 
probabilities  to  be  largest  for  transitions  of  low  multi¬ 
pole  order.  We  will  thus  focus  on  Ml  transitions  and 
consider  NEET  probabilities  for  different  electronic 
transitions  in  several  different  nuclei. 

Figures  3-5  show  the  NEET  probability  as  a  func¬ 
tion  of  the  energy  mismatch  for  Z  =  54,  70,  and 
80  nuclei  for  a  hypothetical  transition  with  fi(Ml)  = 
l  Weisskopf  unit  (W.u.).  It  is  clear  that,  for  each  Z*  the 
2s  — -  is  transition  gives  the  largest  value  of  PNU  T  due 
to  the  electron  wave  functions  being  largest  in  the  near¬ 
field  region.  At  very  small  values  of  the  energy  mis¬ 
match,  the  NEET  probability  can  attain  values  of  IQr1 
in  the  Z  =  70  atom.  It  is  to  be  stressed  that  such  a  value 
for  P^ect  could  only  be  reached  for  M 1  transitions  with 
fl(Ml)  -  1  W.u.  In  practice,  many  Ml  transitions  are 
significantly  hindered,  which  would  lead  to  corre¬ 
spondingly  smaller  values  for  P^eet-  Thus,  for  example, 
the  Z?(M1)  factors  for  the  above-mentioned  transitions 
in  197Au  and  l890.s  are  4.1  x  10  1  W.u.  and  2.5  x 
10~3  W.u.,  respectively.  In  addition,  if  the  transition 
multipolarity  were  to  be  larger  than  I,  the  NEET  prob¬ 
ability  would  also  decrease  significantly.  Any  K  hin¬ 
drance  of  the  transition  would  also  further  reduce  the  B 
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Fig.  4.  NEET  probabilities  for  Ml  NEET  transitions  in  the 
Z  =  70  nucleus  for  B  -  l  W.u. 
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Fig.  5.  NEET  probabilities  for  Ml  NEET  transitions  in  the 
Z  =3  80  nucleus  for  B  =  1  W.u. 


value.  Hence,  the  NEET  probabilities  in  the  figures  are 
likely  to  be  upper  estimates  of  achievable  probabilities 

[15]. 

It  has  been  noted  above,  in  the  context  of  BIC  decay, 
that  very  close  energy  matching  between  the  nuclear 
and  electronic  transitions  can  be  achieved  by  using  the 
charge-state  dependence  of  the  electronic  binding  ener¬ 
gies.  This  has  not  been  used  successfully  so  far  in  the 
case  of  NEET.  However,  laser  plasmas  and  EBIT 
devices  may  be  able  to  create  sufficient  populations  of 
appropriate  ions  to  enable  new  systems  to  be  investi¬ 
gated. 
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Abstract 

High-productivity  methods  are  required  for  the  accumulation  of  long-lived  isomers  in  amounts  that  are  sufficient  for 
the  creation  of  experimental  targets.  A  tantalum  sample  was  activated  with  the  Yerevan  synchrotron  using  4.5-GcV 
bremsstrahlung  and  the  presence  of  ,78m2Hf  was  detected  with  good  statistical  accuracy  by  y-activity  measurements. 
The  integrated  and  mean  cross-section  values  were  deduced  from  the  experiment.  The  isomer- to -ground -state  ratio  was 
then  estimated  and  compared  with  that  known  for  the  p  +  Ta  reaction  studied  at  660  McV.  In  the  present  experiment, 
both  converter  and  target  were  relatively  thin  for  better  definition  of  the  experimental  conditions.  However,  an 
assembly  designed  for  high-productivity  irradiations  should  be  thick  and  then  the  converter  can  also  serve  as  the  target 
sample  when  irradiated  with  a  high-energy  electron  beam.  The  optimization  of  the  isomer  production  was  solved 
analytically  and  the  largest  estimated  yield  was  determined  as  calibrated  to  the  experimental  yield.  The  maximum  yield 
of  l78rn2Hf  was  found  to  be  of  about  3  x  109  nuclci/s  using  an  electron  beam  current  of  100  gA.  This  is  lower  than  the 
yield  achieved  with  proton  beams,  although  for  a  practical  comparison  the  total  cost  and  radiation  safety  conditions 
should  be  considered.  The  present  results  provide  a  basis  for  numerical  estimations. 

(C  2004  Elsevier  B.V.  All  rights  reserved. 

PACS:  23.20. Lv;  25.20.Lj;  25.30.Rw 
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1.  Introduction 

Studies  of  high-spin  nuclear  isomers  can  provide 
important  information  regarding  both  nuclear 
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structure  [1.2]  and  innovative  applications  [3].  A 
triggered  release  of  the  energy  stored  in  nuclear 
isomers  may  permit  the  creation  of  pulsed  sources 
of  gamma  radiation,  perhaps  even  a  gamma-ray 
laser.  The  specific  energy  stored  by  some  isomers 
for  long  periods  of  time  is  much  greater  than  that 
of  standard  sources  of  energy.  For  instance,  the 
high-spin  Kv  16  1  isomeric  state  178m2Hf  stores  a 


0168-9002/$  -  see  front  matter  (c.  2004  Elsevier  B.V.  All  rights  reserved. 
doi:10. 1016/j.nima. 2004.04. 224 


464 


S.A.  Karamian  et  ai  /  Nuclear  Instruments  and  Methods  in  Physics  Research  A  530  (2004)  463-472 


specific  energy  of  about  1.3  MJ/mg  with  a  half-life 
of  31  years.  To  study  mechanisms  by  which  a 
release  of  this  energy  might  be  triggered,  a  critical 
requirement  is  that  samples  of  isomeric  atoms  must 
be  available  in  mg  or  even  larger  amounts.  It  is 
established  that  the  largest  quantity  of  178m2Hf  was 
produced  at  Los  Alamos  with  800  MeV  protons 
from  a  high-current  accelerator  (formerly 
LAMPF).  The  advantage  of  this  method  was  the 
ability  to  accumulate  the  isomer  as  a  by-product 
within  a  massive  tantalum  beam  dump  during  the 
operation  of  the  accelerator  for  other  experiments 
[4],  However,  the  isomeric  material  produced  in  this 
way  contains  a  very  high  activity  of  other  radio¬ 
nuclides  and  the  corresponding  gamma  background 
remains  high  even  after  chemical  isolation  of  the 
hafnium  fraction.  The  1 .87-year-livcd  isotope  I72Hf 
is  the  most  problematic  contaminant.  The  produc¬ 
tivity  of  17Sm2Hf  in  spallation  reactions  with 
protons  at  intermediate  energies  was  systematically 
studied  for  Ta,  W  and  Re  targets  at  Dubna  using 
the  660  MeV  synchrocyclotron  [5-7].  From  those 
works,  some  recommendations  were  deduced  as  to 
methods  by  which  to  optimize  spallation  produc¬ 
tion  of  the  isomer.  However,  no  scheme  was 
proposed  by  which  to  overcome  the  basic  dis¬ 
advantage  presented  by  the  accompanying  produc¬ 
tion  of  high  contaminant  activities. 

Better  quality  sources  of  17Sm2Hf  were  success¬ 
fully  produced  by  the  176Yb(4He,2n)  reaction  using 
a  36McV  4He-ion  beam  and  subsequent  chemical 
processing  of  the  irradiated  Yb  target  [8].  Mass 
separation  was  finally  performed  on  the  remaining 
material.  The  problem  of  isomer  separation  from 
the  stable  *'sHf  ground  state  has  not  yet  been 
solved.  The  production  of  the  long-lived  isomer  by 
the  (4He,2n)  reaction  is  disadvantaged  by  a  much 
lower  absolute  yield  as  compared  to  the  spallation 
reaction.  It  is  known  [9]  that  the  production 
reaction  I79Hf(n,  2n)178m2Hf  has  a  reasonably 
good  cross-section  for  14-MeV  incident  neutrons. 
The  absolute  yield  is,  however,  restricted  by 
practical  limitations  of  neutron  generators  exploit¬ 
ing  the  d-HT  reaction. 

Recently,  an  attempt  was  made  to  observe  the 
production  of  I78m2Hf  in  reactor  irradiations  of  a 
nalHf  target.  It  was  assumed  that  some  reasonable 
yield  could  be  obtained  due  to  the  178Hf(n,n') 


reaction  with  the  neutrons  in  the  fission  spectrum. 
So  far,  only  an  upper  limit  for  the  cross-section  has 
been  deduced  because  of  the  high  remaining 
activity  from  other  products — more  sensitive 
measurements  are  expected  after  a  longer  cooling 
time.  Nevertheless,  the  production  of  I79m2Hf  by 
(n,n;)  reactions  was  observed  [10]. 

Here  the  possibility  of  producing  the  I7Km2Hf 
isomer  was  investigated  using  4.5-GcV  brems- 
strahlung  from  an  electron  synchrotron.  The 
productivity  with  photons  cannot  be  expected  to 
be  higher  than  in  the  previous  reactions  due  to  the 
generally  lower  cross-section  characteristic  of 
photonuclear  interactions  as  compared  to  hadro¬ 
nic  interactions.  Still  experimental  results  on 
photon  production  of  this  important  isomer  have 
not  been  reported  and  the  present  measurements 
should  be  valuable  in  assessing  the  feasibility  of 
different  production  approaches.  Above  1.5  GcV, 
the  photon  interaction  is  characterized  by  a  cross- 
section  of  about  0.12  mb/nuclcon.  Below  this 
energy,  meson-generating  resonances  arc  known  in 
the  200-800  MeV  range  and  giant  multipole 
resonances  for  photoabsorption  appear  for 
£y^  100  MeV.  The  quasi-deuteron  mechanism  of 
photoabsorption  also  makes  a  significant  contri¬ 
bution  at  c-  400  MeV.  Overall,  the  cross-section 
of  photon  interactions  with  the  nucleus  system¬ 
atically  decreases  with  increasing  Er  The  brems- 
strahlung  spectrum  produced  by  high-energy 
electrons  falls  as  E~\  so  the  major  contribution 
to  the  nuclear  reaction  yield  is  created  by  photons 
with  1000  MeV.  The  energy  transferred  to  a 
heavy  nucleus  by  photon  reactions  in  this  range 
should  be  comparable  to  that  released  in  the 
proton  interactions  at  800  MeV  [4]  and  at  660  MeV 
[5-7] .  As  a  result,  the  production  of  a  variety  of 
radionuclides  can  be  expected  as  occurs  with 
proton-induced  spallation.  Among  the  radioactive 
products,  high-spin  isomers  must  be  represented 
and  the  experimental  observation  of  the  long-lived 
]7Sm2Hf  isomer  was  indeed  possible.  The  present 
work  provides  an  important  test  of  the  isomer- to- 
ground-state  ratio  for  high-spin  isomers  formed  in 
high-energy  electromagnetic  interactions  with 
complex  nuclei  and  an  estimation  of  the  efficiency 
for  accumulation  of  significant  amounts  of  1 78m2Hf 
using  an  electron  accelerator. 
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2.  Measurements 

Fig.  1  shows  a  schematic  of  the  experimental 
arrangement  at  the  Yerevan  4.5-GeV  electron 
synchrotron.  The  electron  beam  was  extracted 
from  the  storage  ring  and  struck  a  tungsten 
converter  having  a  0.3-mm  thickness.  Transmitted 
beam  electrons  and  electron-positron  pairs  gener¬ 
ated  at  the  converter  were  deflected  by  a  magnetic 
field  while  the  bremsstrahlung  photons  continued 
forward  within  a  very  narrow  cone.  Collimators 
installed  far  from  the  converter  shielded  a  target 
from  background  scattered  radiation.  The  target 
was  made  of  twenty  0.  l~mm  thick  layers  of  natural 
tantalum.  The  initial  electron  energy  of  4.5  GeV 
was  reduced  by  about  8%  in  the  converter  and  the 
bremsstrahlung  flux  was  attenuated  to  a  mean 
value  by  a  factor  of  about  0.85  due  to  the 
absorption  within  the  2-mm  Ta  target.  These 
factors  were  taken  into  account  in  the  data 
processing,  but  were  not  very  pronounced.  So  the 
approximation  of  thin  converter  and  thin  target 
could  be  made  to  simplify  the  analysis.  The 
tantalum  target  was  irradiated  in  1986  for  other 
purposes  and  fortunately  it  was  saved  up  to  now, 
providing  the  best  possible  condition  for  the 
detection  of  the  31-year-lived  l78m2Hf  isomer. 
Many  other  radionuclides  were  produced  during 
the  irradiation  with  higher  yields  than  178m2Hf,  but 
they  have  almost  decayed  completely  and  did  not 
interfere  with  the  detection  of  a  relatively  low 
activity  of  l78m2Hf. 

The  tantalum  target  activity  was  measured  using 
a  HPGe  spectrometer  of  20%  efficiency  (relatively 


Fig.  I.  Schematic  showing  the  experimental  arrangement  used 
for  the  irradiation  of  the  Ta  target  with  4.5-GcV  bremsstrah- 
lung  at  the  Yerevan  synchrotron. 


to  the  standard  Nal  scintillator),  combined  with 
compatible  electronics  to  provide  an  energy 
resolution  of  about  1.8  keV  for  the  60Co  y  lines. 
The  tantalum  foils  were  distributed  to  form  a  two- 
foil  folded  layer  of  0.2-mm  thickness  in  order  to 
reduce  sc  If- absorption  of  the  emitted  gamma  rays. 
Even  with  this  arrangement,  self-absorption  was 
still  not  negligible,  especially  for  /fy^250kcV,  and 
a  correction  factor  was  used  to  take  into  account 
the  emission  efficiency  from  a  sample  of  finite 
thickness,  t\ 

=  1  -e-'")  (1) 


where  p (Ey)  is  the  linear  attenuation  coefficient  for 
gammas  in  tantalum. 

Another  correction  factor  to  the  detector 
efficiency  should  account  for  the  finite  size  (area) 
of  the  active  source.  An  efficiency  calibration  of 
the  Ge  detector  was  done  using  the  normal 
procedure  with  standard  radioisotope  sources  of 
known  activity.  Such  sources  are  typically  small 
and  so  can  be  approximated  as  point  sources.  In 
contrast,  the  tantalum  sample  covered  an  area  of 
about  45  x  45  mm2  and  was  installed  close  to  the 
detector  since  the  low  activity  from  the  31 -year 
isomer  required  the  maximum  detection  efficiency. 
The  approximation  of  a  point  source  was  not 
applicable  in  this  case  and  the  solid  angle  was 
calculated  in  order  to  correct  the  efficiency.  The 
following  equation  was  used  to  approximate  the 
mean  detection  solid  angle  when  activity  is 
uniformly  distributed  within  a  circle  of  radius  R s: 


£2  —  27t 


x  In 


(sr). 


(2) 


Here  L  is  the  distance  between  the  centers  of  the 
source  and  detector.  It  was  assumed  that  the 
sensitive  volume  of  the  detector  was  restricted  to 
the  circular  entrance  window  of  radius  and  the 
planes  of  the  source  and  detector  circles  were 
parallel. 

A  third  correction  was  needed  since  Lhc  effi¬ 
ciency  could  be  influenced  by  simultaneous  detec¬ 
tion  of  two  or  more  y  quanta  emitted  promptly 
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from  a  single  decay  event.  In  the  natural  decay 
cascade  of  17Sni2Hf,  4  to  5  quanta  are  emitted  and 
using  a  close  geometry  they  can  generate  a  sum- 
signal  response  in  the  detector  that  reduces  the 
intensity  of  photoabsorption  peaks  in  the  y-ray 
spectrum.  This  is  not  a  random  pile-up  effect  that 
is  dependent  on  the  count  rate.  Sum  signals  arise 
even  with  weak  activity  sources  whenever  the 
cascade  multiplicity  M1  >  1  and  the  solid  angle  of 
detection  provides  sufficient  efficiency.  Additional 
measurements  were  arranged  to  test  the  magnitude 
of  this  effect  for  this  experiment.  The  detector 
efficiency  was  calibrated  at  close  and  far  distances 
using  specific  point  sources  that  were  selected  to 
emit  single  y  quanta.  Then,  a  sample  (from  other 
work)  that  contained  a  modest  activity  of  178m2Hf 
was  measured  at  the  same  locations.  The  effect  of 
sum  signals  was  significant  only  when  the  178m2Hf 
source  was  present  in  close  geometry  while  this 
effect  did  not  appear  in  y  spectra  taken  at  larger 
distances  or  with  single-gamma  sources.  Finally, 
the  deviation  of  the  detector  efficiency  from  the 
standard  values  was  determined  individually  for 
the  most  important  y  lines  in  the  decay  of  178m2Hf. 
These  results  were  used  to  measure  the  number  of 
i7Sin ~Hf  nuclei  within  the  activated  tantalum  target 
based  on  the  detected  y-ray  intensity. 

With  the  above-described  conditions,  a  y-ray 
spectrum  of  the  Ta  sample  which  was  exposed  to 


4.5-GeV  bremsstrahlung  was  accumulated  during 
two  weeks  in  order  to  collect  sufficient  statistics  in 
the  important  lines.  Fragments  of  the  spectrum  are 
given  in  Fig.  2  and  well-manifested  lines  of  178m2Hf 
are  seen  therein.  The  spectrum  was  analyzed  using 
the  “DEIMOS”  code  [1 1]  and  accurate  numerical 
values  were  obtained  for  the  line  energy  and  area, 
as  shown  in  Fig.  2.  The  number  of  counts  at  the 
peak  channel  are  also  indicated  in  Fig.  2  to 
characterize  the  collected  statistics. 

The  statistical  errors  of  the  line  areas  were 
typically  about  10%,  but  using  the  results  for  six 
intense  y  lines  it  was  possible  to  obtain  much 
better  accuracy  for  the  number  of  17Sm2Hf  nuclei  in 
the  sample.  Fortunately,  no  deviations  were  found 
in  the  relative  intensity  of  the  y  lines  as  compared 
to  the  tabular  values  for  I78m2Hf.  Also,  the  y-line 
widths  were  in  agreement  with  those  expected  for 
the  detector  as  a  function  of  Ey.  These  meant  that 
no  overlap  occurred  between  the  lines  of  interest 
and  those  from  background  contributions.  Natur¬ 
al  background  y  lines  were  definitely  present  in  the 
spectrum,  but  did  not  disturb  the  detection  of 
i78m2]_jf  jn  Edition,  lines  of  l72Hf,  150Eu  anti 
l33Ba  were  found  in  the  spectrum,  being  long-lived 
enough  to  have  survived  while  other  radionuclides 
decayed  completely  after  such  a  long  cooling  time. 
The  area  of  corresponding  y  line  allowed  a 
determination  of  the  production  yield  for  each 


Fig,  2.  Fragments  of  the  y  spectrum  obtained  from  the  activated  Ta  sample.  For  each  fragment,  the  observed  lines  are  identified  and 
their  energies  and  areas  are  given  as  evaluated  using  the  spectra -processing  code.  Six  lines  have  energies  that  are  in  close  agreement 
with  the  tabular  values  for  ,7Sn,2Hf:  213.4,  216.7,  325.6,  426.4,  495.0  and  574.2kcV  (not  shown). 
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Table  1 


Measured  production 
bremsstrahlung. 

parameters  for  long-lived 

radioactive  nuclides 

formed  after  activation  of  a 

Ta  target  with  4.5-GcV 

Nuclide 

Type  of  yield 

A'at 

ICS  (MeVharn) 

<5  (cm2) 

Indep. 

(1.57  ±0.08)  x  10* 

0.0255 

2.55  x  Id  M 

l72Hf 

EC  cum. 

(2.3 ±0.2)  x  10JO 

3.74 

3.74  x  10  ’  ' 

150  Eu 

Indep. 

(8±2)x  107 

0.013 

1.3  x  10  K 

mBa 

EC  cum. 

(8.7 ±0.9)  x  10* 

0.141 

1.41  x  III  :tl 

given  isotope  after  taking  into  account  the  decay 
factors,  detector  efficiency  and  quantum  yield  of 
the  line.  The  latter  parameters  were  taken  from  the 
tabular  data  [12].  The  three  above-described 
correction  factors  for  the  detector  efficiency  were 
utilized  and  it  was  found  that  the  numbers  of 
178m2Hf  nuclei  determined  from  different  y  lines 
were  practically  identical.  The  six  independent 
measurements  were  averaged  and  the  standard 
deviation  from  the  mean  value  was  found  to  be 
5%,  being  in  agreement  with  the  statistical  errors 
deduced  from  the  areas  of  the  y  lines.  In  Table  l, 
the  numbers  of  atoms  produced  by  the  brems- 
strahlung  irradiation  of  the  Ta  target  are  given  for 
I78m2Hf,  l72H.f,  150Eu  and  133Ba. 


3.  Cross-sections 

Having  determined  the  number  of  product 
atoms,  it  was  possible  to  evaluate  the  production 
cross-section  based  on  a  known  number  of 
projectiles  reaching  the  target.  The  latter  quantity 
was  determined  from  the  so-called  “quantometer7’ 
unit,  an  optimized  ionization  chamber,  that  was 
installed  in  the  bremsstrahlung  beam  for  integra¬ 
tion  of  the  number  of  “equivalent”  photons,  Nph. 
This  number  is  defined  by 

E,—  (E,)dE,  (3) 

for  a  continuous  spectrum  of  photons  with  a 
spectral  intensity  dNjdEy  and  endpoint  £max. 

The  spectrum  of  bremsstrahlung  photons 
emitted  by  electrons  in  matter  was  understood 
more  than  fifty  years  ago  [13]  and  the  Boethe- 
Heitler  equation,  corresponding  to  the  ultra- 
rclativistic  case  with  an  account  of  atomic  screen¬ 


ing,  was  used  in  this  work.  The  use  of  this 
approximation  is  completely  justified  in  the  pre¬ 
sent  experiment  and  gives  the  spectral  density  of 
photons  per  unit  electron  incident  on  a  converter 


da 

d£V 


4  ZV  f 

I  17(mc-;-)lEy  { 

2(E*-Ey) 

3  £e 


In  ( 1 83  x  Z  l/3) 


■  (£c  -  Ey)  \ 

9  £e  j 


(4) 


In  the  present  experiment,  all  photons  generated 
by  the  converter  reached  the  target  and  quant- 
ometer  due  to  the  narrow  angular  width  of  the 
high-energy  bremsstrahlung,  having  a  half-angle 
of  Qq  —  me  jEf^O.  1  mrad.  For  a  thick  converter, 
the  electron  energy  will  vary  considerably,  so 
Eq.  (4)  must  generally  be  integrated  over  Ec  as  it 
varies  from  the  initial  incident  electron  energy  E{) 
to  some  Em in.  In  the  case  of  this  experiment.,  the 
converter  was  thin  and  so  it  was  possible  to 
evaluate  Eq.  (4)  without  integration  by  using  the 
mean  value  of  electron  energy,  <  £e>  <  E0-  Here 
the  mean  energy  of  electrons  within  the  0.3-mm 
tungsten  converter  was  determined  by  considering 
radiative  losses.  The  spectrum  of  the  bremsstrah¬ 
lung  radiation  was  thereby  determined  quantita¬ 
tively  for  the  real  experimental  conditions  and  is 
shown  in  Fig.  3.  The  measured  number  of 
equivalent  photons  supplies  an  absolute  calibra¬ 
tion  of  the  spectrum.  The  electron  beam  current 
can  also  be  calculated  using  Eqs.  (3)  and  (4). 

As  is  mentioned  above,  the  cross-section  of 
photonuclear  interactions  demonstrates  a  gener¬ 
ally  decreasing  trend  with  Ey.  It  is  quite  large  at 
Ey<  lOOMeV  due  to  nuclear  photoabsorption  and 
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Fig.  3.  Calculated  and  normalized  spectral  yield  of  the 
brcmsstrahlung  radiation  emitted  from  the0.3-mm  W  converter 
struck  by  the  4.5-GcV  electron  beam. 


the  quasi-dcutcron  mechanism.  Then  in  the  range 
of  200-800  MeV  it  is  enhanced  again  because  of 
resonant  meson  generation  in  interactions  with 
individual  nucleons.  Above  1500MeV  the  cross- 
section  reaches  an  asymptotic  value  that  is  almost 
independent  of  energy,  about  0.12  mb/nucleon.  In 
combination  with  the  photon  spectrum  shown  in 
Fig.  3,  which  decreases  in  intensity  rapidly 
approaching  higher  energies,  this  resulted  in  a 
drastically  decreased  yield,  Tnr(£y),  of  photo- 
nuclear  reactions  as  a  function  of  Ey.  The  yield 
detected  from  such  a  reaction  must  occur  mainly 
in  that  part  of  the  spectrum  at  Ey^IOOOMcV, 
including  the  production  of  the  178m2Hf  isomer. 
Considering  the  lower-energy  contributions, 
clearly  178m"Hf  was  formed  in  the  181Ta(y,  p2n) 
reaction  at  an  excitation  energy  above  40-50  MeV. 
Thus,  it  was  assumed  here  that  the  measured 
i7sm2|_jp  yje|(j  was  pr[mari]y  due  to  photons  in  the 
range  of  50  MeV 1050 MeV  range.  The 
estimated  inaccuracy  due  to  this  assumption, 
about  10%,  is  comparable  with  the  statistical 
error  of  these  measurements. 


Thus,  all  necessary  quantities  were  available 
from  which  to  evaluate  the  integral  cross-section, 
or  ICS:  the  number  of  produced  nuclei,  the 
number  of  photons  within  the  appropriate  energy 
range  and  the  thickness  of  the  tantalum  target. 
The  attenuation  of  the  brcmsstrahlung  flux  within 
2-mm  target  was  also  taken  into  account.  The 
values  obtained  for  the  ICS  and  the  mean  cross- 
section,  g,  are  given  in  Table  1.  The  mean  cross- 
section  corresponds  to  a  1000-MeV  range  of 
photon  energy  so  that  tf  —  ICS/(  1000  MeV).  The 
products  ,72Hf,  150Eu  and  mBa  are  also  char¬ 
acterized  in  Table  1.  The  errors  in  ICS  and  a 
values  were  defined  by  the  statistical  errors  in  the 
measurements  of  Afal  given  in  Table  1  and 
systematic  errors  may  have  arisen  from  subsequent 
numerical  calculations  based  on  /VaL.  These  sys¬ 
tematic  errors  were  likely  to  be  insignificant  in 
comparison  with  the  statistical  errors.  The  172Hf 
and  i33Ba  nuclides  accumulated  the  total  yield  of 
the  appropriate  isobaric  chains,  while  178m2Hf  and 
l50Eu  were  only  produced  independently  in  the 
reactions.  As  expected,  the  mean  cross-section  for 
17Sm2Hf  is  lower  than  that  known  for  the  p  +  Ta 
reaction  at  660  MeV  [5,6].  Roughly  speaking,  the 
order-of-magnitude  scale  difference  between  these 
processes  can  be  explained  by  the  nature  of  the 
electromagnetic  interaction  as  compared  to  nu¬ 
cleon-induced  reactions. 

For  a  physical  understanding  of  the  nuclear 
reaction  mechanism,  the  isomer-to-ground  state 
ratio,  <7m/<Tg,  is  even  more  important,  because  it  is 
sensitive  to  the  angular  momentum  transferred  to 
the  reaction  residue.  Comparisons  between  the  crm/ 
<7g  obtained  from  different  reactions  also  exclude 
scale  differences  between  cross-sections.  Unfortu¬ 
nately,  the  yield  of  stable  178Hf  ground-state  nuclei 
could  not  be  measured  with  activation  techniques. 
The  yield  of  i72Hf,  however,  was  detected  success¬ 
fully  and  by  assuming  a  similar  ,78Hf/I72Hf  ratio 
as  found  in  the  p-FTa  reaction  [5,6]  it  was  possible 
to  deduce  <rg  and  therefore  <rm/<rg  values  for  the 
bremsstrahlung-induced  reaction.  The  latter  as¬ 
sumption  is  reasonable,  but  there  is  no  guaranty  of 
its  quantitative  accuracy.  Therefore,  only  an 
estimate  of  the  Gm/ag  value  for  178m2HT  in  the 
y  +  Ta  reaction  was  possible.  The  inaccuracy  in 
this  value  may  approach  30-50%.  The  ratio 
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deduced  in  this  way  was 

—  X  0.032  (5) 

Go 

a  little  higher  than  the  results  of  Refs.  [5,6]  for 
17Srn2Hf  formation  by  the  p- l-Ta  interaction.  This 
is  not  very  surprising,  recalling  that  the  <7m/ag  ratio 
therefrom  changes  rather  slowly  with  the  proton 
energy  [5,6],  as  confirmed  later  in  Ref.  [14].  On  the 
other  hand,  the  similarity  of  isomer  population  in 
7  -  Ta  and  />TTa  interactions  may  mean  that  in 
meson  generation  by  photons,  a  significant  excita¬ 
tion  energy  and  momentum  are  transferred  to  the 
nucleus.  The  subsequent  stages  of  the  reaction 
include  the  emission  of  nucleons,  the  same  as  in 
the  case  of  a  nucleon  interaction  with  a  heavy 
target.  In  the  end,  the  residual  nucleus  has 
acquired  a  reasonably  high  angular  momentum. 
Such  a  conclusion  is  essentially  reliable  and  is  now 
experimentally  supported. 


4.  Optimization  of  productivity 

In  the  present  experiment,  the  converter  and 
target  were  separated  and  the  thickness  of  each 
was  relatively  small.  But  in  a  view  of  achieving  the 
highest  possible  productivity,  both  thicknesses 
should  be  enlarged.  In  this  way  more  quanta  can 
be  created  by  the  converter,  although  obviously 
absorption  will  also  be  increased.  A  reasonable 
compromise  would  be  to  unify  both  converter  and 
target  which  would  then  need  to  be  a  rather  thick 
sample  of  Ta.  The  problem  of  optimization  of  such 
a  unified  assembly  was  solved  analytically  and  is 
described  below.  Fig.  4  illustrates  schematically 
the  exposure  of  this  sample  configuration  with  an 
electron  beam.  The  electron  energy  is  reduced  with 
thickness  t  due  to  the  radiation  stopping  power, 
while  ionization  energy  loss  can  be  neglected  in  the 
GeV  range.  The  upstream  part  of  the  sample 
serves  mostly  for  bremsstrahlung  generation  and 
then  those  photons  arc  absorbed  in  the  down¬ 
stream  part  mostly  due  to  pair  production — a 
small  fraction  of  the  photons  are  absorbed  due  to 
nuclear  reactions.  The  tracks  of  photons  from 
creation  to  absorption  are  also  depicted  in  Fig.  4. 
Some  small  fraction  of  them  can  be  transmitted 


sample 


Fig.  4.  Illustration  of  the  generation  and  absorption  of  photons 
in  a  thick  sample  that  unifies  the  functions  of  converter  anti 
target. 


and  leave  the  sample.  The  effective  photon  flux  is 
dependent  on  the  convcrter/samplc  thickness  due 
to  the  competition  between  production  and 
absorption  and  so  the  corresponding  nuclear 
reaction  yield  also  varies  with  t.  It  is  necessary  to 
calculate  the  optimum  total  thickness  of  the 
sample  for  the  most  effective  production  and  use 
of  bremsstrahlung,  and  thus  to  maximize  the 
accumulation  of  radioactive  products. 

At  any  depth,  A  within  the  sample  the  conver¬ 
sion  efficiency  to  bremsstrahlung  is  proportional 
to  the  local  energy  of  electrons,  E*{t\  because  of 
the  radiation-stopping  function  [13] 


-  c  Ec. 

rad 


(6) 


At  the  same  time,  the  total  range  of  energies 
covered  by  the  bremsstrahlung  continuum, 
0 Ey ^ £e,  is  also  compressed.  For  £y<1050 
McV,  therefore,  the  spectral  density  of  radiation 
is  almost  independent  of  changes  in  Ec  in  the  range 
of  1050-4500  McV  and  thus  dilTcrcnt  parts  of  the 
electron  paths  in  the  sample  provide  equal 
contributions  to  dNyjdET  It  was  explained  above 
that  the  majority  of  the  radionuclide  production 
was  created  by  the  part  of  spectrum  from  Ey  50- 
1050  MeV.  The  spectral  density,  dAvd/T,  and 
total  number  of  photons,  Ny,  within  this  range  of 
Ey  at  t  =  /  can  be  expressed  as  an  integral  over  the 
sample  layer  from  t  ^  0  to  f 

Ny~  f  ^rT)  E~'  d/.  (7) 

J  0  dx 


With  the  substitution  of  Eq.  (6)  into  Eq,  (7),  one 
obtains 


AyOO~-(l  -C 


(8) 
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Photon  absorption  is  taken  into  account  by  a 
linear  attenuation  coefficient  fx  that  is  weakly 
dependent  on  Ey  for  energies  greater  than 
100  McV.  The  coefficients  c  and  pt  are  expressed 
in  cm2  when  the  thickness  values  t  and  f  are 
expressed  in  atom  s/cm2.  Using  Eq.  (8),  one  de¬ 
duces  the  total  nuclear  reaction  yield  in  the  sample 
of  total  thickness  cl  as 

Vn r ~  /d  iVyiY)  ad/  =  %yd  +  e^d  -  l)  (9) 
Jo 

where  d  is  the  mean  cross-section  of  the  reaction 
for  Ey  within  the  range  of  interest. 

Now,  it  is  necessary  to  discuss  some  limiting 
factors  on  the  sample  thickness.  After  electrons 
penetrate  through  a  thickness  /max,  their  energy  is 
reduced  to  Emm=  l050MeV  and  at  greater  depths 
only  softer  photons  can  be  created.  The  selected 
range  of  Ey  is  therefore  not  applicable  and 
requiring  more  complicated  calculations.  For 
simplicity,  here  it  is  assumed  that  for  depths 
within  the  sample  of  />fmax  no  photons  are 
generated,  but  the  full  thickness  of  the  sample 
can  produce  absorption  of  photons  and  nuclear 
reaction  events  as  illustrated  in  Fig.  4.  Under  such 
conditions  the  nuclear  reaction  yield  at  the  total 
thickness  of  :hc  sample  is  expressed  as  follows: 

(10) 

The  expression  of  Eq.  (10)  can  be  used  to  estimate 
the  optimum  thickness,  /tol,  and  the  numerical 
value  of  the  optimum  yield,  Ynr. 

In  addition  to  the  simplifying  assumptions 
above,  the  straggling  of  electron  energy  and  angle 
was  completely  neglected.  However,  this  approach 
may  lead  to  an  underestimation  of  the  yield,  Fnr, 
so  Eq.  (10)  is  still  valuable  for  its  predictive  power. 
The  equations  above  do  not  contain  any  numerical 
constants  by  which  to  provide  an  absolute 
calibration  of  the  yield.  Still  in  this  experiment 
and  under  well-defined  geometry  the  yield  was 
measured  and  this  is  sufficient  for  the  calibration. 
It  is  necessary  to  derive  an  equation  corresponding 
to  separated  converter  and  target  samples  as  was 
arranged  in  the  experiment.  Using  the  same 
theory  as  above,  the  case  of  separated  samples  is 


described  by 

Ym~ad( c-'^O-e^)  (II) 

where  /  and  d  arc  the  converter  and  the  target 
thicknesses,  respectively.  Finally,  the  ratio  of  the 
optimized  yield  for  the  unified  target-converter 
sample  to  the  yield  in  the  experimental  geometry, 
Topl/Fexp,  was  calculated  as  a  function  of  the  /lot, 
/max  ratio  and  is  presented  in  Fig.  5.  This  function 
exhibits  a  growth,  reaching  saturation,  as  shown  in 
the  figure. 

The  value  /max  was  obtained  to  be  of  about 
6.3  mm  for  a  Ta  sample  with  electron  energies  of 
E0  =  4.5  Ge V  and  Emin  =  1 .05  GcV.  As  is  clear  from 
Fig.  5,  there  is  no  reason  to  use  llo t^3/max.  Thus, 
the  optimum  sample  thickness  should  be  about 
19  mm  of  tantalum.  The  absolute  productivity  was 
also  estimated  by  linking  it  to  the  experimentally 
observed  production  yield  corresponded  to  the 
known  numbers  of  equivalent  photons  and  elec¬ 
trons  incident  on  the  converter.  Finally,  with  a  19- 
mm  thick  tantalum  sample  in  unified  geometry,  as 
many  as  2.5  x  109  atoms/s  of  the  I78m2Hf  isomer 
may  be  obtained  with  an  electron  beam  current  of 


the  unified  sample,  V ”opl,  as  a  function  of  the  sample  thickness. 
The  yopl  value  was  normalized  to  the  yield  FMp  taken  from  the 
experiment  having  separate  converter  and  target. 
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100(4 A,  Such  an  intensity  is  achieved  in  modern 
linear  electron  accelerators  and  even  higher 
currents  may  be  reached  in  new  systems  that  are 
under  development. 

Some  of  the  simplifying  assumptions  described 
above  do  not  influence  the  final  productivity 
estimate  due  to  the  ability  to  calibrate  the  result 
with  the  present  experimentally  measured  yield. 
Therefore,  these  assumptions  do  not  serve  as  a 
source  of  inaccuracies  in  the  calculated  optimum 
value.  However,  two  processes  will  be  manifested 
within  a  thick  unified  sample  which  were  not 
exhibited  in  the  experimental  conditions.  First,  the 
productivity  value  was  evaluated  in  a  linear 
approximation  and  so  does  not  account  for  any 
second-order  interactions,  i.c.  secondary  radiation 
created  by  electrons  and  positrons  after  brems- 
strahlung  absorption  with  pair  production.  It  is 
estimated  that  a  correction  to  include  secondary 
processes  should  not  be  higher  than  15%.  Second, 
nuclear  reactions  induced  directly  by  beam  elec¬ 
trons  themselves,  without  first  their  conversion  to 
bremsstrahlung,  must  contribute  some  additional 
yield  of  the  isomer  within  a  unified  converter- 
target  assembly  (recall  that  in  the  present  experi¬ 
ment,  no  electrons  reached  the  target).  The  yield  of 
electronuclear  reactions,  ye nr  was  calculated  as 
follows: 


Yenr  = 


7  k(Ec 

A,  d£^ 


d  Ec 


(12) 


where  an  integration  is  applied  over  the  stopping 
range  of  electrons  from  energies  of  E\  to  En.  The 
cross-section  for  electronuclear  reactions  is  given 
by  the  function  <jem  =  o  k(Ec)  where  &  is  the 
photon-induced  cross-section  as  used  before.  The 
ratio  of  electronuclear  to  photonuclear  cross- 
sections,  k{E^),  is  known  for  E\  multipolarity  to 
be  [15] 


k(Ec)  - 


2  \n(E<>fmc2) 
\37n 


(13) 


In  reality,  however,  the  k(Ec)  value  is  higher  by  a 
factor  of  2.5  for  Ey>  100  MeV  [15],  due  to  such 
processes  as  E2  absorption,  the  quasi-deuteron 
mechanism  [16]  and  meson-production  reactions. 
So,  a  factor  of  2.5  was  inserted  into  Eq.  (13)  and 
the  result  substituted  into  Eq.  (12)  prior  to 


integration  over  the  range  of  electron  energies 
between  1050  and  50  MeV  as  was  done  for  the 
photon-induced  reaction.  The  stopping  range  in 
which  electron  energies  change  from  4500- 
1050  MeV  is  of  less  importance  due  to  lower 
cross-sections  and  higher  dEJdx,  but  this  was 
nevertheless  taken  into  account.  Finally,  the 
contribution  of  the  electronuclear  interaction  was 
found  to  be  about  0.13  where  Tphr  was  the 
yield  determined  before  for  the  photonuclear 
reaction.  The  calculated  productivity  under  opti¬ 
mum  conditions  was  then  corrected  to  include 
both  secondary  and  electron-induced  processes, 
giving  a  total  yield 

^TopL  =  3.2  ■  109  atoms/(s  100  /i A)  (14) 

for  the  l78m2Hf  isomer.  This  is  about  8  times  lower 
than  the  yield  achieved  at  Los  Alamos  with  a 
proton  beam  of  the  same  current.  A  lower 
productivity  by  electrons  compared  with  protons 
could  be  entirely  expected.  But,  it  is  perhaps 
surprising  that  the  ratio  is  only  1/8,  not  by  several 
orders-of-magnitude,  and  this  is  an  important 
result  of  the  experiment.  One  additional  practical 
consideration  should  also  be  discussed.  The 
volume  density  of  power  is  higher  in  the  case  of 
electrons  compared  with  protons  due  to  the 
correspondingly  larger  stopping  power.  But  this 
does  not  present  a  severe  restriction  because  a 
multilayer  tantalum  sample  in  a  water  flow  can 
effectively  remove  the  heat  released  by  the  electron 
beam.  It  should  be  recalled  that  both  radiation 
energy  losses  of  electrons  and  photon  absorption 
in  water  arc  negligible,  as  compared  to  Ta.  In 
practice,  it  may  be  possible  that  electron  beams 
can  be  more  convenient  and  less  expensive  in 
operation  than  the  meson-factory  proton  beam 
due  to  technical  reasons. 


5.  Summary 

The  yield  of  the  l  /8m2Hf  isomer  was  measured 
after  irradiation  of  a  tantalum  target  with  4.5-GeV 
bremsstrahlung.  The  integral  and  mean  cross- 
section  values  and  the  isomcr-to-ground-statc 
ratio  were  newly  obtained.  An  optimized  scheme 
for  the  production  of  this  isomer  using  electron 
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accelerators  was  proposed  and  evaluated.  The 
maximum  production  yield  was  obtained  and  a 
comparison  with  the  productivity  of  proton- 
induced  reactions  was  discussed. 
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The  properties  of  high- A"  isomers  have  been  investigated  by  measuring  y  rays  from  a 
source  of  the  31-year  KSHfm'2  isomer  and  from  the  decay  of  implanted  17s  h!iLu  beams. 
Low-intensity  transitions  have  been  identified  in  the  decay  of  178  HUk  demonstrating  a 
consistent  extension  of  A- hindrance  systematica  to  higher  multipolarities,  and  elucidating 
the  spin-dependence  of  the  mixing  between  the  two  Kn  =  3"  bands.  A  search  is  underway 
for  new  isomers  in  l78>179Lu  and  the  preliminary  results  of  the  analysis  are  reported. 

1.  INTRODUCTION 

Isomers  are  excited,  metastable  states  of  atomic  nuclei,  having  long  half-lives  (a  few 
nanoseconds  to  many  years)  compared  to  other  nuclear  states  [1].  They  arise  princi¬ 
pally  from  angular- momentum  selection  rules.  In  particular,  the  quantum  number  A 
(the  angular- momentum  projection  on  the  body-fixed  symmetry  axis)  is  approximately 
conserved,  which  leads  to  the  existence  of  high- A  isomers.  The  study  of  such  isomers  pro¬ 
vides  information  on  a  variety  of  nuclear  structure  effects,  especially  the  interplay  between 
single- particle  and  collective  modes  of  excitation. 

Although  many  high- A  isomers  are  now  known,  theoretical  calculations  suggest  that 
some  of  the  most,  striking  examples  may  be  observed  in  the  neutron-rich  A  170-190 
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region  of  the  nuclear  chart,  where  nuclei  are  characterised  by  prolate  deformation.  In  thus 
region  the  Fermi  levels  for  both  neutrons  and  protons  are  simultaneously  in  the  upper  parts 
of  their  respective  shells,  where  the  individual  nucleon  orbits  have  large.  A  projections  and 
excitations  based  on  broken  pairs  can  generate  large  K  values.  These  neutron- rich  nuclei 
are  very  difficult  to  access  experimentally,  largely  because  they  cannot  be  reached  using 
fusion-evaporation  reactions  with  stable  beams  and  targets.  Recent  work  using  inelastic 
excitation  and  transfer  reactions  (e.g.  _2])  and  relativistic  projectile  fragmentation  (e.g.  3|) 
has  made  some  progress  into  this  unexplored  terrain,  and  several  new  isomers  have  been 
discovered.  With  the  recent  developments  in  radioactive  beam  science,  for  example  at 
TRIUMF’s  IS  AC  facility  [4],  further  advances  in  the  study  of  high- A  isomers  in  neutron- 
rich  species  should  be  rapidly  achievable.  This  paper  reports  oil  a  recent  radioactive- beam 
experiment  aimed  at  the  study  of  new  high- A  isomers  in  neutron- rich  178>l,llLu,  as  well 
as  an  earlier  experiment  to  investigate  the  178 HP'*2  isomer  by  detecting  radiation  from  a 
chem ically-separ  at  ed  sam  pie . 

2.  DECAY  OF  THE  178Hf'72  ISOMER 

The  second  metastable  state  of  178 Hf,  commonly  referred  to  as  178 HP'7-,  lies  2.4  MeV 
above  the  ground  state  of  178Hf.  This  remarkable  Isomer  has  angular  momentum  and 
parity  F  -  K*  —  16 1  and  a  half-life  of  31  years  [5].  Its  exceptionally  long  lifetime  arises 
not  only  because  of  its  high  A  value,  but  also  because  it  lies  lower  in  excitation  energy 
than  any  other  states  of  spin  14  or  higher.  Although  the  high-spin  level  structure  of  17tfHf 
hits  been  studied  extensively,  basic  knowledge  gaps  remain  and  radiations  emitted  directly 
from  the  isomer  itself  have  not,  until  now,  been  well  established. 

The  decay  of 178 HP'12  has  been  investigated  by  studying  the  7  rays  emitted  by  a  radioac¬ 
tive  sample  containing  approximately  equal  decay  rates  of  178 HP"2  and  l72Hf.  The  source 
material  was  extracted  from  a  Ta  target,  that  had  been  irradiated  with  an  intense  beam 
of  protons  in  1980,  and  a  15  kBq  source  was  prepared  after  chemical  separation  of  the  Hf 
Isotopes.  This  source  was  placed  at  the  centre  of  the  87t  spectrometer  6),  an  array  of  20 
closely- packed,  Compton-suppressed  HPGe  detectors  situated  at  TRIl  MF-ISAC,  oper¬ 
ating  in  standalone  mode.  Data  were  acquired  over  a  42-day  period.  High -multipolarity 
M 4  and  E 5  transitions,  definitive  evidence  for  7-ray  emission  from  the  isomer,  have  been 
identified  using  7  —  7  coincidence  techniques.  These  are  the  first  strongly  A'- for  bidden 
examples  with  such  high  multipolarities,  and  demonstrate  a  consistent  extension  of  A- 
liind ranee  systematic^,  with  a  reduced  hindrance  of  approximately  100.  Three  other 
low- intensity  transitions,  between  the  two  known  IF  ~  8“  bands,  have  been  identified  in 
the  decay  of  the  178 HP" 7  Isomer,  and  the  deduced  branching  ratios  elucidate  the  decreas¬ 
ing  mixing  between  the  two  bands  with  increasing  angular  momentum.  Further  details  of 
the  analysis  and  results  can  be  found  in  Ref.  [7], 

3.  SEARCH  FOR  NEW  ISOMERS  IN  NEUTRON-RICH  17S17uLu 

In  order  to  search  for  high- A'  isomers  in  neutron-rich  species,  the  decay  of  radioactive 
178,1 7!)Lu  beams  has  been  studied.  For  both  of  these  isotopes,  multi-quasiparticle  calcula¬ 
tions  based  on  the  blocked- BCS  method  [8j  suggest  several  potential  high-spin  isomers, 
i.e.  states  that  have  high- A  values  and  relatively  low  excitation  energies.  The  calcula- 


M.  B.  Smith  et  at,  / Nuclear  Physics  A  746  ( 2004)  6 1 7c  -620c 


619c 


tions  suggest  that  the  most  likely  candidate  in  I7NLu  is  a  four-quasiparticle  state  with 
I77  =  K  16'  and  an  excitation  energy  below  2  MeV.  For  178  Lu  a  live- quasi  par  tide  Iso¬ 
mer  with  KK  43/2H  and  excitation  energy  of  approximately  4  McY  is  predicted.  Recent 
measurements  0]  of  projectile  fragmentation  reactions  identify  isomers  with  angular  mo¬ 
menta  exceeding  these  values,  and  suggest  that  these  isomers  are  typically  populated  with 
cross-seetions  of  5  20%  of  the  ground-state  production.  If  these  isomers  have  favourable 

half- lives  (several  ms  or  more)  they  can  thus  bo  produced  using  f  he  ISOL  technique  and 
transported  to  a  low-background  environment,  such  as  the  ISAC  experimental  hall,  for 
spectre xsco pic  s t  ud las . 

The  Ht;  spectrometer  and  its  data  acquisition  system  have*  recently  been  redesigned  and 
upgraded  for  3  —  q  coincidence  experiments.  SCEPTAR  (Scintillating;  Electron  Positron 
Tagging  ARray).  an  array  of  20  plastic  scintillators  arranged  in  four  rings  of  five  detectors, 
is  now  housed  inside  a  Delrin  target  chamber  at  the  centre  of  the  8?r  spectrometer.  A 
moving  tape'  transport  has  also  been  installed,  in  order  to  move  a  backeoated  polyester 
“Black  Watch”  tape  to  the  centre  of  the  target  chamber,  where  beams  are  implanted  on 
to  the  tape,  and  to  transport  long-lived  activity  to  a  storage  box  which  is  shielded  from 
the  HP  Go  detectors.  Half  of  SCEPTAR,  and  the  tape  inside  the  target  chamber,  is  shown 
in  Fig.  1.  with  the  lead  shielding  wall  in  the  background. 

The  l,"  llLlLu  beams  were  produced  following  the  bombardment  of  a  Ta  target  with  a 
30  //.A  beam  of  500  MeV  protons  from  the  TRIUMF  cyclotron.  The  surface  ion  source  was 
used  to  extract  the  l>,r,'JLu  beams,  which  were  then  mass  separated  and  transported  to 
the  experimental  area  with  an  energy  of  40  keV  and  intensities  of  approximately  10'  ions/s. 
The  Ln  beams  were  implanted  on  to  the  tape  at  the  mutual  ei  litre  of  the  8tt  spectrometer 
and  SCEPTAR,  and  the  tape  was  moved  periodically  to  reduce  the  7- ray  background  from 
the  ground-state  and  long-lived  isobar  decays.  Data  were  acquired  with  different  trigger 
conditions  for  the  plastic  and  Go  detectors  and  with  various  tape -cycle  periods,  in  order  to 
distinguish  those  7  rays  associated  with  long-  and  short-lived  decays.  A  LeCroy  universal 
logic  module  and  a  Jorway  sequencer  were  used  to  give  an  event  tag  and  clock  time  (within 
a  cycle)  on  an  event  -  by- event  basis.  The  data  were  sorted  into  two-dimensional  7-7  and 
q  clock  matrices  for  the  portions  of  the  data  corresponding  to  the  same  trigger  and 
cycling  conditions,  and  a  search  has  been  performed  for  (relatively)  short-lived  derays  of 
new  isomeric  states. 

No  new  isomers  have  so  far  been  assigned  to  the  neutron- rich  Lu  isotopes  in  the  prelim¬ 
inary  analysis  of  the  data.  However,  the  technique  of  correlating  q  rays  with  short  decay 
half-lives  Is  demonstrated  in  Fig.  2  for  transitions  fed  by  known  long-  and  short-lived 
activities.  Fig.  2(a)  shows  the  total  7  singles  projection  from  the  A  -  -  179  data  with  an 
80  s  cycle  period  between  tape  motion,  with  data  acquired  as  follows:  10  s  with  beam  off, 
60  s  with  beam  on,  and  10  s  with  beam  off.  Fig.  2(b)  shows  the  corresponding  spectrum 
collected  with  a  shorter  3  s  cycle  period  (0.5  s  beam  off,  2  5  beam  on,  0.5  s  beam  off). 
The  l<!,Lu  peaks  of  interest  are  labelled  with  their  energy  in  keV  and  contaminants  from 
the  decay  of  111  !Lu,  which  is  ionised  as  an  oxide  before  passing  through  the  ISAC  mass 
separator,  art1  labelled  with  their  energy  and  a  #.  The  592-keV  7  ray,  which  de-excit.es 
the  known  l/2+ ,  3.1  ms  isomer  in  l,yLu,  is  enhanced,  relative  to  the  other  peaks  in  the 
spectrum  of  Fig.  2(a),  in  the  data  taken  with  the  shorter  tape  cycle.  The  612  keV  ,7!lLn 
gamma  ray,  which  is  fed  by  the  long-lived  —  8.0  min)  decay  of  !'  'Yb  and  not  by 
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Figure  1.  Close-up  view  of  ten  of  the 
SCEPTAR  detectors  and  the  tape  inside 
the  target  chamber. 


Figure  2.  179 Lu  7  spectra  for  (a)  an  80  s 
cycle  and  (b)  a  3  s  cycle.  Clock  spectra  for 
the  decay  of  (c)  178Lu  and  (d)  ,79Lu.  See 
text  for  more  details. 


the  1/2  7  isomer,  is  also  label  Led,  and  only  appears  in  the  spectrum  of  Fig.  2(a).  This 
suggests  that  the  3.1  ms  isomer  is  produced  directly  from  the  ISAC  ion  source,  and  is 
not  only  fed  by  the  transitions  following  179Yb  6  decay.  Fig.  2  also  shows  the  activity 
as  a  function  of  clock  time  over  one  cycle,  correlated  with  (c)  the  213-keV  (4 7  — ►  2+) 
transition  in  I78Hf  and  (d)  the  592- keV  7  ray  in  179 Lu.  The  178 Hf  spectrum  was  collected 

with  a  20  s  cycle  (2.5  s  beam  off,  15  s  beam  on,  2.5  s  beam  off)  and  demonstrates  the 

long  grow-in  curve  associated  with  feeding  from  the  known  (Tl/2  =  23.1  ruin)  9"  isomer  in 
17SLu.  The  grow-in  curve  for  the  592-keV  I79Lu  7  ray  (Fig.  2(d)),  from  the  same  portion 
of  the  data  as  the  spectrum  shown  in  Fig.  2(b),  exhibits  almost  immediate  saturation  of 
the  transition  rate  when  the  beam  is  switched  on,  and  equally  fast  decay  of  the  transition 
when  the  beam  is  switched  off.  The  spectrum  is  consistent  with  a  3  ms  half-life  for  the 
transition,  and  confirms  that  the  1/27  isomer  in  179Lu  is  produced  directly  from  the  ion 
source.  This  result  demonstrates  the  feasibility  of  the  technique  described  here,  and  has 
positive  implications  for  the  production  of  short-lived  isotopes  at  ISAC. 
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The  spontaneous  decay  of  the  KK:=  164,  31-yr  178 Hfm2  isomer  has  been  investigated  with  a  15-kBq  source 
placed  at  die  center  of  a  20-elemcnt  y-ray  spectrometer.  High-multipolarity  A/4  and  £5  transitions,  which 
represent  the  first  definitive  observation  of  direct  y-ray  emission  from  the  isomer,  have  been  identified, 
together  with  other  low- in  tensity  transitions.  Branching  ratios  for  these  other  transitions  have  elucidated  the 
spin  dependence  of  the  mixing  between  the  two  known  Kn=  8  bands.  The  M 4  and  £5  y-ray  decays  are  the 
first  strongly  £- forbidden  transitions  to  be  identified  with  such  high  multipolarities,  and  demonstrate  a  consis¬ 
tent  extension  of  /^-hindrance  systcmatics,  with  an  inhibition  factor  of  approximately  100  per  degree  of  K 
forbiddenness.  Some  unplaced  transitions  are  also  reported. 
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One  of  the  most  remarkable  isomers  known  in  the  A 
^180  region  of  deformed  atomic  nuclei  [1]  is  the  second 
metastable  state  of  17sHf,  commonly  referred  to  as  l78Hfw2. 
This  state,  which  lies  2.4  MeV  above  the  ground  state  of 
I78Hf,  has  angular  momentum  and  parity  }7T=K7T=  16+  (K 
is  the  angular-momentum  projection  on  the  body- fixed  sym¬ 
metry  axis)  and  a  half-life  of  31  yr  [2-5].  Its  four- 
quasiparticle  structure  is  based  on  a  broken  neutron  ( v)  pair 
and  a  broken  proton  (tt)  pair,  each  contributing  /ff=  A'71 
=  8_.  The  exceptionally  long  lifetime  of  the  isomer  arises 
not  only  because  of  its  high  K  value  and  the  associated  hin¬ 
drance  caused  by  the  AT-selection  rule,  but  also  because  it  lies 
lower  in  excitation  energy  than  any  other  states  of  spin  14  or 
higher.  This  yrast  trap  is  forced,  therefore,  to  decay  by  tran¬ 
sitions  with  both  high  multipolarity  and  a  large  change  in  K. 

On  account  of  its  long  half-life  and  high  excitation  en¬ 
ergy,  the  178Hfm2  isomer  has  attracted  considerable  interest 
and  experimental  investigation.  For  example,  enriched 
samples  have  been  studied  by  laser  hyperfine  spectroscopy 
[6],  and  there  is  evidence  that  the  isomer  can  be  Coulomb 
excited  in  a  multistep  process  from  the  I7T~K7T=  0  1  ground 
state  [7].  A  more  controversial  observation  is  the  stimulated 
decay  of  the  isomer,  induced  by  x  rays  and  synchrotron  ra¬ 
diation,  which  has  been  reported  by  Collins  et  al  [8-1 1],  but 
refuted  by  Ahmad  et  al  [12,13]. 

The  high-spin  level  structure  of  I78Hf  has  been  studied 
extensively  [3-5,14],  but  basic  knowledge  gaps  remain.  Sur¬ 
prisingly,  radiations  emitted  directly  from  the  isomer  itself 
are  not  yet  well  established.  The  problem  arises,  in  essence, 
because  99.9%  of  the  isomer  decay  proceeds  through  a 
highly  converted,  13-keV  E 3  transition  (16+— >13^)  which 
has  not  so  far  been  directly  detected.  The  suggestion  by 
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Khoo  and  UWh6iden  [4]  that  the  isomer  is  at  2447.4  keV, 
deduced  from  its  population  from  higher-energy  states,  is  in 
conflict  with  the  singles  conversion-electron  data  of  van 
Klinken  et  al  [5]  for  a  0.1%,  MA  decay  branch  (16+ 
— >12”)  which  implies  an  excitation  energy  of  2446.0  keV, 
Although  the  1.4-keV  difference  in  proposed  isomer  energies 
is  small,  it  is  well  outside  statistical  uncertainties,  and  repre¬ 
sents  a  basic  difficulty  with  the  current  understanding  of  the 
isomer  and  its  decay  modes. 

In  the  present  y-y-coincidence  study,  the  MA  y-ray  tran¬ 
sition  has  been  clearly  identified,  confirming  the  interpreta¬ 
tion  of  van  Klinken  et  al.  [5j.  We  also  establish  the  compet¬ 
ing  E 5  y-ray  transition  (161  -IT  )  and  additional  low- 
intensity  transitions  that  had  not  previously  been  placed  in 
the  17SHfm2  decay  sequence.  The  results  extend  the  general 
understanding  of  high -multipolarity,  A- forbidden  decays,  and 
shed  new  light  on  the  nature  of  the  band  mixing  between 
members  of  the  two  A^n‘=8  ~  bands,  which  are  populated  in 
the  isomer  decay.  Although  the  latter  states  are  well  known 
from  in-beam  y-ray  spectroscopic  studies  [4,14],  significant 
additional  band  mixing  information  is  now  obtained. 

The  radioactive  source  material  was  extracted  from  a  tan¬ 
talum  target,  irradiated  in  1980  with  an  intense  proton  beam 
at  Los  Alamos  National  Laboratory.  Hafnium  isotopes  were 
chemically  separated  [15]  and  shipped  to  SRS  Technologies, 
Alabama,  where  a  15-kBq  source  of  I7sHf"J  '  (T,/2=31  yr) 
was  prepared.  On  delivery  for  the  present  measurement,  the 
source  also  contained  1  ~Hf  (T  1/2=  L9  yr,  in  secular  equilib¬ 
rium  with  its  daughter  !;  Lu,  Ti/2^6.7  days)  with  a  decay 
rate  approximately  equal  to  that  of  l/8Hf'"2.  The  source  was 
placed  at  the  center  of  the  8  tt  spectrometer  [16],  an  array  of 
20  Compton-suppressed  n-type  HPGe  detectors  situated  al 
TRIUMF-ISAC.  The  absolute  full-energy-peak  efficiency 
was  4%  at  426  keV,  and  at  that  energy  the  final  full  width  at 
half  maximum  energy  resolution  was  1,6  keV,  after  gain 
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PIG.  1.  Total  y-y  projection,  from  the  data  acquired  with  copper 
absorbers.  The  energy  dispersion  is  0.33  kcV/channel.  The  most 
intense  transitions  in  178 HI'  arc  labeled  with  their  energy  in  keV. 
Sum  peaks  (#)  and  some  of  the  most  intense  transitions  from  the  e 
decay  of  l72Lu  (*)  are  also  indicated. 

matching  all  the  germanium  detectors.  The  icosahedral  ge¬ 
ometry  of  the  877  spectrometer  leads  to  minimal  angular  cor¬ 
relation  effects  [  1 7 j. 

When  searching  for  extremely  weak  decay  branches, 
many  instrumental  effects  have  to  be  taken  into  account, 
such  as  germanium  x-ray  escape  events,  peak  summing,  and 
scattering  between  detectors  on  opposites  sides  of  the  detec¬ 
tor  array.  As  part  of  this  investigation,  copper  and  lead  ab¬ 
sorbers,  of  thickness  0.5  mm  and  1.0  mm,  respectively,  were 
placed  (separately)  in  front  of  the  germanium  detectors  for 
portions  of  the  data  talcing.  Data  were  acquired  over  a  total 
period  of  42  days  as  follows:  8  days  with  no  absorbers, 
five  days  with  the  lead  absorbers,  and  29  days  with  the  cop¬ 
per  absorbers.  Event  pairs  were  sorted  into  y-y  coincidence 
matrices,  with  a  =£20-ns  time-difference  requirement. 
Other  timing  conditions  were  also  investigated.  Using  the 
RADWARE  [18]  software  package,  most  of  the  analysis  was 
performed  with  the  data  from  the  29-day  measurement.  The 
corresponding  total  coincidence  spectrum  is  shown  in  Fig.  1. 
The  data  taken  with  the  lead  absorbers,  and  without  absorb¬ 
ers,  were  used  independently  to  verify  some  of  the  results, 
and  to  obtain  optimum  data  where  low-energy  peak  summing 
otherwise  limited  the  sensitivity.  A  major  part  of  the  data 
analysis  was  concerned  with  the  identification  of  previously 
un reported  y- ray  transitions  in  the  complex  decay  scheme 
following  the  electron-capture  (e)  decay  of  172Lu  to  172Yb 
[19].  More  than  103  transitions  have  been  newly  placed  in 
this  decay  (most  being  completely  new  to  I72Yb)  and  the 
details  of  these  will  be  the  subject  of  a  separate  report. 

The  emphasis  of  the  present  work  was  on  the  identifica¬ 
tion  and  characterization  (in  terms  of  energy  and  intensity)  of 
low-intensity  y-ray  transitions.  Given  the  associated  inherent 
limitations  in  counting  statistics,  the  energy  and  efficiency 
calibrations  were  not  themselves  needed  to  very  high  accu¬ 
racy.  These  calibrations  were  obtained  internally  from  the 
well-known,  intense  decay  transitions  of  I78Hf"/2  [5,20]  and 
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l72Lu  [19]  giving,  in  the  present  work,  energies  and  relative 
efficiencies  to  accuracies  of  ±0.1  keV  and  1.7%,  respec¬ 
tively. 

The  sensitivity  limit  of  the  present  measurement  is  at 
about  the  0.001%  level,  i.e.,  1  in  105  parent  decays  of 
I78Hf  m2  or  172Lu.  This  is  not  only  a  matter  of  counting 
statistics.  Of  the  various  instrumental  effects,  the  scattering 
between  germanium  y- ray  detectors,  across  the  8tt  spec¬ 
trometer,  is  perhaps  the  most  serious  limitation.  The  use  of  a 
mass-separated  sample  of  l78Hf m2  could  further  improve  the 
sensitivity.  Within  the  obtained  sensitivity  limit,  exotic  a  and 
f3  decays  of  178Hf"i2,  whose  possibility  was  discussed  by 
van  Klinken  et  al  [5],  could  not  be  delected,  nor  could  any 
direct  y-ray  decay  into  the  ground-state  band  be  identified. 

After  exhaustive  investigation  of  the  y-ray  coincidence 
relationships,  only  one  additional  source  of  activity  was  posi¬ 
tively  identified,  close  to  the  limit  of  sensitivity  of  the  mea¬ 
surement.  This  is  a  product  of  the  natural  M°Th  decay  series, 
namely  the  decay  of  208T1  to  208Pb,  with  ( 583—261 5) -keV 
coincidences  [21].  In  addition  to  this,  also  close  to  the  limit 
of  sensitivity,  the  following  y-ray  energies  were  found  to  be 
in  mutual  coincidence:  154.4,  212.6,  and  958.6  keV;  further, 
90.7-  and  868,0-keV  transitions  were  in  coincidence  with 
each  other  and  with  the  154.4-  and  212.6-kcV  transitions, 
i.e.,  they  appear  to  be  in  parallel  with  the  958.6-keV  transi¬ 
tion.  While  a  90.6-keV  transition  is  well  known  in  the  e 
decay  of  I72Lu  [19],  the  other  four  energies  are  clearly  dis¬ 
tinct  from  transition  energies  that  can  reasonably  be  associ¬ 
ated  with  the  decay  of  178 HU" 2  and  172Hf  in  the  present 
source,  though  the  212.6-keV  transition  is  close  in  energy  to 
the  intense  213.4-keV  transition  in  l78Hf.  The  origin  of  these 
five  transitions  is,  at  present,  undetermined.  However,  their 
apparently  long-lived  (^>1  year)  parentage,  and  association 
with  hafnium  chemical  extraction,  makes  their  origin  of  great 
potential  interest. 

The  partial  level  scheme  of  178Hf  deduced  from  the 
present  work,  showing  only  those  states  involved  in  the  de¬ 
cay  of  the  16+  isomer  (together  with  the  A"*  — 82  band- 
head),  is  shown  in  Fig.  2.  Transition  energies  and  relative 
intensities,  normalized  to  the  326-keV  transition,  are  summa¬ 
rized  in  Table  I.  The  I78Hf"i2  isomer  was  previously  known 
to  decay  predominantly  by  an  E 3  conversion-electron  tran¬ 
sition  of  energy  close  to  13  keV  [3-5],  and  evidence  for  a 
Af4,  309.5-keV  transition,  from  detection  of  conversion 
electrons  in  singles  mode,  was  also  reported  [5].  In  the 
present  work,  the  clear  observation  of  y  rays  from  the  direct 
deexcitation  of  the  isomer  is  reported  for  the  first  time,  con¬ 
firming  the  309.5-keV,  AT4,  16  1  -G2  transition  and  adding 
the  587.0-keV,  £5,  16H  — >11”  transition.  These  are  illus¬ 
trated  in  Fig.  3.  In  addition,  the  low-intensity  23 1-,  343-  and 
601-keV  y-ray  transitions,  which  link  members  of  the  two 
K7T  =  8“  bands,  have  been  observed  in  the  decay  path  of 
178Hf/n2.  These  are  illustrated  in  Fig.  4.  The  latter  two  tran¬ 
sitions  are  known  from  in-beam  studies  [4,14],  whereas  the 
231-keV  E2  transition  was  previously  reported  [22]  based  on 
singles  counting  with  a  17XHf"j2  source.  These  transitions 
have  now  been  definitively  established  in  the  decay  of  the 
3  l -yr  isomer,  from  y-y  coincidences. 
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FIG.  2.  Decay  scheme  of  l7HHfm2  deduced  from  the  present 
work.  The  arrow  widths  represent  the  relative  transition  intensities, 
the  unfilled  parts  corresponding  to  internal  conversion.  The  dashed 
515-keV,  8  —  6  transition  has  not  been  established.  The  highly 
converted  13-keV  transition  is  inferred  from  y-ray  coincidence  re¬ 
lationships.  Only  the  11"  member  of  the  82  band  is  identified  in 
the  present  work,  though  other  band  members  are  known  from  pre¬ 
vious  studies  [4,14]. 

The  expected  515-keV,  8“— >6+  transition  from  the  4-s 
isomer  could  not  be  established  in  this  work.  However,  with 
the  lead  absorbers  in  front  of  the  genua niurn  detectors,  the 
sum  peak  from  89-  and  426-keV  coincidences  was  highly 
attenuated,  enabling  a  stringent  limit  to  be  placed  on  the 
515-keV  y-ray  intensity  (see  Table  I). 

Part  of  the  analysis  involved  searching  for  the  129.4-, 
2 10. 3-,  and  546.2-keV  transitions,  which  Collins  et  al.  [9,10] 
reported  as  being  associated  with  the  stimulated  decay  of 
l78Hf m2 ,  in  the  presence  of  a  similar  proportion  of  mHf.  In 
the  present  work,  these  transitions  could  not  be  found  in  the 
corresponding  spontaneous  decay.  However,  transitions  at 
the  nearby  energies  of  1 30.4  and  544.8  ke V  have  been  newly 
identified  as  being  part  of  the  e  decay  of  l72Lu.  It  is  not 
apparent  how  these  might  have  influenced  the  earlier  inter¬ 
pretation  [9,10]. 

It  is  well  known  in  178Hf  that  two  K7T=  8“  configurations, 
vr{7/2[  404] ,  9/2[  514]},  and  v{7/2[  514],  9/2[  624] },  mix 
together.  (These  are  also  the  four  quasiparticles  that  account 
for  the  structure  of  the  16+  isomer.)  Earlier  work 
[3]  established  that  the  8j“  ,  4-s  isomer  consists  of  37(2)% 
7 r  configuration  and  63(2)%  v  configuration.  Also  [3,5] 
there  is  evidence  that  the  mixing  matrix  element  V  decreases 
with  spin.  Emery  et  al.  [23]  have  shown  that  the  conver¬ 
sion  coefficients  and  branching  ratios  within  the  8j~  band  can 
be  understood  with  the  specific  spin  dependence  VI 
=  V/=sexp{— ^[/(/+l)-/f(/C+l)]},  with  V/=8=  159.2  keV, 
6  =  0.001  79,  and  K=  8. 
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TABLE  I.  y-ray  energy,  relative  y=ray  intensity,  initial  and  final 
spin  and  parity,  multipole  order  and  reduced  hindrance  /,, ,  for 
transitions  in  the  decay  path  of  178Hf  m2.  Uncertainties  aa^  given  in 
parentheses. 


Ey  (keV) 

ly  (%) 

jj-i; 

12.7 

16 1  — *  13 

£3 

«*D 

88.8(1) 

68.7(12) 

8  —>8' 

E I 

79(1) 

93.2(1) 

19.0(3) 

2  *  —  0  1 

213.4(1) 

85.7(15) 

4  1  —2 

216.7(1) 

69.5(14) 

9  —  8 

230.8(1) 

0.0060(10) 

13  -II 

237.4(1) 

9.6(2) 

10  —  9 

257.6(1) 

17.5(4) 

11  —  10 

277.4(1) 

1.8(0 

12  —11 

296.8(1) 

10.9(2) 

13  —12 

309.5(1) 

0.015(1) 

16'  —  J2 

M4 

72(2) 

325.5(1) 

100.0(17) 

6  Y  -—4  1 

343.3(1) 

0.0018(3) 

11  11 

426.3(1) 

102.2(18) 

8  '  — >6  ' 

454.0(1) 

17.4(4) 

10  -8 

495.0(1) 

73.6(14) 

1 1  9 

515.1 

<0.0008 

8  —  6* 

M2 

160 

535.1(1) 

9.5(2) 

12  -10 

574.3(1) 

94.9(18) 

13  —  1  l 

587.0(1) 

0.0062(5) 

16—11 

£5 

165(5) 

601.1(1) 

0.0026(3) 

11  —10 

It  is  now  possible  from  the  observed  intensity  of  the  23 1  - 
keV,  13  — >11“,  E2  transition,  relative  to  the  574-keV,  E2 
transition,  to  obtain  an  independent  estimate  of  the  mixing 
strength  between  the  two  8  "  structures.  The  determination  of 
the  relevant  y-ray  intensities  from  the  present  coincidence 
data  requires  knowledge  of  other  decay  branches  from  mem¬ 
bers  of  the  82  band,  and  for  this  purpose  the  intensities  of 
Mullins  et  al.  [14,24]  have  been  used.  (The  intraband  transi¬ 
tions  account  for  about  10%  of  the  decay  intensity  from  the 
/=  1 1  member  of  the  82~  band.)  It  is  notable  that  the  23 1-keV 
transition  is  the  only  stretched  E2  transition  established  here 
between  the  two  8~  bands.  While,  in  principle,  the  known 
/  ■/—  1  and  I  l  interband  transitions  can  also  be  used  to 
quantify  the  band  mixing,  the  additional  complication  of 
M  \IE2  admixtures,  and  the  consequent  need  to  quantify  the 
magnetic  and  electric  moments,  limits  the  utility  of  that  ap¬ 
proach.  Therefore,  the  identification  of  an  interband  I—>I 
—  2,  E2  transition  can  be  considered  to  be  especially  valu¬ 
able. 

Applying  standard  two-band -mixing  formulas  (see,  for 
example,  Ref.  [25])  together  with  the  specified  [23]  spin- 
dependent  mixing  matrix  clement,  the  predicted  13  — >  1 1”, 
B(E2)  ratio  is  0.0054  compared  with  the  present  experimen¬ 
tal  value  of  0.0057(9).  The  excellent  agreement  provides 
strong  support  for  the  interpretation  of  Emery  et  al.  [23].  The 
other  predicted  B(E 2)  ratios  and  the  corresponding  experi¬ 
mental  limits  are  given  in  Table  11.  Also  in  the  table  are  the 
B(E2)  ratios  obtained  by  Karamian  et  ai  [22]  from  singles 
y-ray  intensities,  with  evident  disagreement  for  the  B{E 2) 
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fe;(keV) 

EIG.  3.  Background-subtracted  y-ray  coincidence  spectra  pro¬ 
duced  by  gating  on  (a)  the  535-keV  transition  and  (b)  the  495-keV 
transition.  Transitions  in  178Hf  are  labeled  with  their  energy  in  keV, 
Sum  peaks  (#)  and  contaminants  from  the  e  decay  of  177Lu  (*)  are 
also  indicated.  The  insets  show  the  direct  decays  from  178Hf  "'2,  on 
a  linear  scale. 

ratios  from  the  /-  10  and  II  levels.  This  disagreement  pre¬ 
sumably  results  from  the  poor  peak- to- background  ratio  in 
singles  counting. 

The  M 4  and  E5  transitions  identified  in  the  decay  of 
17HHfm2  are  the  only  known  examples  of  such  high- 
multipolarity  transitions  that  are  strongly  K  forbidden.  The 
transitions  go  from  the  K  —  16  isomer  to  members  of  a  K 
-8  band  (AK  —  8)  and  the  degree  of  forbiddenness  A£ 
~  \  is  v—4  and  3,  for  the  M4  and  £5  transitions,  respec¬ 
tively,  where  \  is  the  multi  pole  order.  If  K  were  a  strictly 
conserved  quantity,  then  the  transitions  would  be  forbidden 
by  angular-momentum  vector  coupling  ailes.  However,  K 
mixing  leads  to  transitions  that  are  hindered,  rather  than  for¬ 
bidden.  A  measure  of  the  goodness  of  the  K  quantum  number 
is  the  hindrance  per  degree  of  K  forbidden  ness  (or  reduced 
hindrance).  This  can  be  defined  as  f\  =  {F w) 1/l/,  where  Fw 
=  T Ji2IT Y/2  is  the  hindrance  factor,  Tja  is  the  partial  y-ray 
half-life,  and  T^n  is  tine  corresponding  Weisskopf  single¬ 
particle  estimate  [21 J. 

In  a  general  analysis  of  ^-forbidden  transitions,  Lobner 
[26]  concluded  that  for  each  degree  of  K  forbiddenness,  tran¬ 
sitions  are  typically  retarded  by  a  factor  of  100,  i.e.,  f v 

100.  In  the  present  work,  these  systematics  can  now  be 
extended  to  A. -5,  with  consistent  results.  The  numerical  val- 


FIG.  4.  Background-subtracted  y-ray  coincidence  spectra  pro¬ 
duced  by  gating  on  (a)  the  231-keV  transition  and  (b)  the  601-kcV 
transition.  The  inset  shows  a  higher-energy  portion  of  the  spectrum 
gated  on  the  231-kcV  transition.  Peaks  associated  with  17sHf  are 
labeled  with  their  energy  in  keV,  and  impurities  from  the  e  decay  of 
inLu  (*)  arc  indicated. 

ues  for  178Hf,  including  the  decay  of  the  K7r=  8_  isomer,  are 
given  in  Table  I.  For  the  12.7-keV  £3  transition,  f\r—  66  was 
evaluated  using  a  conversion  coefficient  a—  1.4X107  [27]. 
Tie  M2 ,  decay  from  the  K71- 8“  isomer  has  fv 

>  160.  The  partial  half-life  of  >5X  105  s  for  this  515-keV, 
y-ray  transition  is  greater  than  for  either  of  the  correspond¬ 
ing  transitions  in  i80Hf  (501  keV,  I.4X  105  s)  or  182Hf  (507 
keV,  1.7X  104  s).  Although  the  M2IE3  admixture  is  un¬ 
known  for  the  178Hf  case,  the  high  reduced-hindrance  limit  is 
remarkable. 

It  is  also  striking  that  the  Weisskopf  hindrance  factors  Fw 
themselves  vary  over  more  than  six  orders  of  magnitude  for 
the  l78Hf  isomeric  decays  (discounting  the  M2  limit),  while 
the  reduced- hind  ranee  values  span  the  relatively  narrow 


TABLE  II.  Initial  angular  momentum,  spin-dependent  mixing 
matrix  element,  and  ratio  of  out-of-band  to  in-band  £2  strengths  for 
/— */  —  2  decays  from  KTT=R]  band  members  in  l78ttf 


/ 

V 

(keV) 

Calc. 

fi[S(£2)] 

Expt. 

Ref.  [22] 

10 

148.73 

0.0111 

<0.02 

0.24(9) 

11 

142.99 

0.0096 

<0.02 

0.21(2) 

12 

136.98 

0.0076 

<0.02 

<0.034 

13 

130.75 

0.0054 

0.0057(9) 

0.0049(8) 
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range  of  1 15±  50.  These  high  reduced-hind  ranee  values 
for  the  l78Hf w2  decay  transitions  contrast  with  transitions 
from  some  other  four-quasiparticle  isomers  in  the  same  mass 
region  [28],  such  as  the  fv=  2  value  for  the  E2  decay  of  a 
Kn=  16+,  6- ns  isomer  in  1820s  [29].  For  the  purpose  of 
building  an  understanding  of  K- mixing  processes,  it  is  im¬ 
portant  to  be  able  to  establish  any  hindrance-factor  consis¬ 
tency,  such  as  for  given  isomer  decays  with  competing 
branches.  The  five  E 2  branches  having  fw**5y  identified  in 
the  decay  of  the  14”,  4-/xs  isomer  in  l74Hf  [30],  pro¬ 
vide  another  example.  Thus,  the  picture  emerges  that  isomers 
in  a  given  nuclide  may  have  reasonably  well-defined  decay 
patterns,  but  apparently  similar  isomers  in  different  nuclides 
can  have  widely  different  reduced  hindrances.  This  needs  to 
be  the  focus  of  models  to  describe  /Gforbidden  transition 
rates. 
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To  summarize,  the  decay  of  I78Hfw2  has  been  studied  by 
coincidence  y-ray  spectroscopy,  with  a  transition  sensitivity 
limit  of  about  ten  parts  per  million.  New  information  on  the 
structure  of  two  interacting  K 77  8~  rotational  bands  has 
been  interpreted  using  a  spin-dependent  matrix  element.  The 
reduced-hind  ranee  values  for  decays  directly  from  178  HP1 2 
show  good  consistency,  with  fv**  100. 

Thanks  are  due  to  H.  Roberts  and  M.  Helba  of  SRS  Tech¬ 
nologies,  for  the  loan  of  the  hafnium  source.  G.  D.  Dracoulis, 
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Photon  scattering  experiments  off  T76Hf  and  the  systematics  of  low-lying  dipole  modes 
in  the  stable  even-even  Hf  isotopes  176>178>180Hf 
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The  low-lying  dipole  strength  distribution  in  the  rare  isotope  176Hf  was  studied  in  nuclear  resonance  fluo¬ 
rescence  experiments  performed  at  the  Stuttgart  Dynamitron  facility  using  bremsstrahlung  beams  with  end¬ 
point  energies  of  4.1  and  2.4  MeV.  In  total,  about  55  excited  spin-1  states,  unknown  so  far,  were  observed  in 
the  excitation  energy  range  up  to  4  MeV.  Detailed  spectroscopic  information  has  been  obtained  on  excitation 
energies,  spins,  decay  widths,  decay  branchings,  and  transition  probabilities.  Ascribing  a  positive  parity  to  all 
observed  K  —  1  states,  the  detected  total  B{M  l)f  strength  in  the  energy  range  of  the  scissors  mode  amounts  to 
2.56(6)  prN,  nearly  as  much  as  for  well-deformed  midshell  rare-earth  nuclei.  The  total  strength  is  higher  than 
in  the  heavier  Hf  isotopes  17s,1*°Hf,  but  fits  well  into  the  systematics.  The  observed  low-lying  AE=0  transi¬ 
tions  (with  probable  E 1  character)  lie  in  the  energy  range  around  2  MeV,  as  expected  from  the  systematics.  The 
excitation  probabilities  correspond  to  values  which  arc  characteristic  for  nuclei  in  the  transitional  region  from 
deformed  rotors  to  more  y-soft  nuclei. 

DOT  1 0. 1 103/PhysRevC.67.0643 13  PACS  number(s);  25.20.Dc,  21.I0.Rc,  23.20.Lv,  27.70.  +  q 


I.  INTRODUCTION  AND  MOTIVATION 

Low-lying  dipole  excitations  in  heavy  nuclei  are  of  con¬ 
siderable  interest  in  modem  nuclear'  structure  physics.  Both 
M\  and  El  excitations  were  studied  systematically  to  test 
nuclear  models.  An  outstanding  example  is  the  so-called  M 1 
scissors  mode  [1]  to  which  most  attention  was  paid  in  the 
past.  This  mode  was  first  observed  in  high-resolution  elec¬ 
tron  scattering  experiments  in  Darmstadt  [2].  A  series  of  sub¬ 
sequent  nuclear  resonance  fluorescence  (NRF)  experiments 
(see,  e.g.,  Refs.  [3,4])  established  the  systematics  of  this 
common  mode  in  deformed  even-even  nuclei  at  excitation 
energies  around  3  MeV.  Starting  from  nearly  spherical  nuclei 
to  we II -deformed  rare-earth  isotopes,  the  observed  total 
B(M  l)|  strength  increases  proportional  to  the  square  of  the 
deformation  parameter  S,  It  reaches  a  saturation  value  of 
about  3  jj?N  for  midshell  rare-earth  nuclei  and  decreases  to¬ 
wards  more  y-soft  nuclei  [5,6]  of  the  platinum  region. 
Whereas  the  shape  transition  from  nearly  spherical  nuclei 
around  82  to  axially  symmetric  rotors  is  well  studied, 
there  are  less  data  for  isotopes  within  the  transitional  region 
to  y-soft  nuclei.  The  stable  even-even  Hf  isotopes 
176, 178,1 80^| f  at  edge  of  this  shape  transition.  They  still 
exhibit  pronounced  rotational  bands  with  excitation  energy 
ratios  E4+/E2 <  of  3.28,  3.29,  3.31,  respectively,  near  the 
value  10/3,  as  expected  for  ideal  rotor  nuclei.  In  addition,  the 


^Present  address:  Agilent  Technologies,  D-71034  Boblingen,  Ger¬ 
many. 


quadrupole  deformation  parameters1  fi2  of  0.295,  0.280,  and 
0.273  clearly  substantiate  the  we II -deformed  shapes  of  the 
even-even  Hf  isotopes.  However,  in  our  previous  study  of 
i78.i80Hf  [9]  already  less  M 1  strength  than  in  midshell  nuclei 
was  detected.  Therefore,  one  aim  of  the  present  study  was  to 
investigate  the  rare,  lighter  Hf  isotope  I76Hf  (relative  natural 
abundance  5.206%)  to  pin  down  the  impact  of  the  onset  of 
this  shape  transition  on  the  dipole  strength  distribution.  Fur¬ 
thermore,  it  was  of  interest  to  search  for  the  lowest  El  tran¬ 
sitions,  which  can  be  ascribed  to  octupole  bandheads  J  10], 
whereas  in  spherical  nuclei  the  strongest  low-lying  £1  exci¬ 
tations  are  two-phonon  excitations  [11]  of  the  type  2  + 
<g>3~. 

II.  NUCLEAR  RESONANCE  FLUORESCENCE 

Photon  scattering,  often  referred  to  as  nuclear  resonance 
fluorescence  (NRF),  has  proven  to  be  the  most  sensitive  tool 
to  study  low-lying  dipole  excitations  in  heavy  nuclei.  Be¬ 
sides  precise  excitation  energies  Ex ,  width  ratios  Fq/T  (with 
r0  and  F  being  the  ground-state  transition  width  and  total 
width,  respectively)  can  be  deduced  from  the  measured  inte¬ 
grated  scattering  cross  sections  Angular  distribution 

measurements  provide  information  on  the  spins  J  of  the  pho- 
toexcited  states.  Parities  can  be  determined  by  polarization 
measurements.  All  these  quantities  can  be  extracted  in  a 
model-independent  way.  For  deformed  nuclei,  K  quantum 
numbers  can  be  assigned  to  the  photoexcited  states  within 
the  validity  of  the  Alaga  rules  [12]  from  the  measured 
branching  ratios  RexpL , 


*For  the  definitions  of  the  slightly  different  deformation  parameter 
S  and  /32  mainly  used  in  the  literature,  see  Refs.  [3,7,8]. 
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FIG.  1.  Spectra  of  photons  scattered  off  176Hf,  measured  at  a 
scattering  angle  of  127°  using  bremsstrahlung  beams  of  endpoint 
energies  of  4. 1  MeV  (upper  part)  and  2.4  MeV  (lower  part),  respec¬ 
tively.  Calibration  lines  (27A1)>  and  background  lines  (mother  ac¬ 
tivities:  40K,  2{4Bi,  and  208Tl)  are  marked  (see  text).  Please  note  the 
logarithmic  ordinate  scale. 

B(TIL-  J^Jf)  T,  EyJ0 
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240~(f  '  '  2800 . 3200 . 3600 
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FIG.  2.  Part  of  the  l76Hf(y,7')  spectrum,  measured  at  a  scat- 
tering  angle  of  127°  using  a  bremsstrahlung  beam  of  an  end  point 
energy  of  4.1  MeV  (linear  ordinate  scale).  The  selected  extended 
section  covers  the  energy  range  where  the  scissors  mode  strength  is 
expected.  Calibration  lines  (27A1)  and  background  lines  (208TI)  are 
marked  (see  text). 
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Energy  [keV] 


FIG.  3.  Results  of  the  angular  distribution  measurements.  Plot¬ 
ted  are  the  intensity  ratios  Vk(E>  —  90°)/VP((H)  =  127°)  for  the  ob¬ 
served  ground -state  transitions.  The  dashed  and  dotted  lines  corre¬ 
spond  to  the  values  expected  for  pure  dipole  or  quadrupolc 
transitions,  respectively  (spin  sequences  0-1-0  or  0-2-0). 

The  branching  ratio  for  the  decay  of  J=  1  states  to  the 
first  excited  J /=  2  +  state  and  to  the  ground  state  (70  =  0)  in 
deformed  nuclei  amounts  to  2  or  1/2  for  A/f  =  0  and  A K 
=  1  transitions,  respectively.  The  ground-state  transition 
widths  F0  are  directly  related  to  the  corresponding  excitation 
probabilities  £(11  l)'f  and  lifetimes  r-filT .  The  formalism 
describing  photon  scattering  experiments  is  summarized  in 
more  detail  in  Ref.  [3]. 

IU.  EXPERIMENTAL  DETAILS 

The  NRF  experiments  on  176Hf  were  performed  at  the 
well-established  Stuttgart  bremsstrahlung  facility  [3].  Two 
measurements  at  bremsstrahlung  endpoint  energies  of  4.1 
and  2.4  MeV  were  carried  out  to  achieve  an  optimal  sensi¬ 
tivity  over  a  broad  range  of  excitation  energies,  and  to  enable 
the  detection  of  weaker  decay  branchings.  The  dc  electron 
currents  used  in  the  present  experiments  had  to  be  limited, 
due  to  the  thermal  capacity  of  the  radiator  target,  to  about 
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Energy  [keV] 

FIG.  4.  Observed  dipole  strength  distribution  in  l76Hf.  Plotted 
are  the  reduced  dipole  ground-state  transition  widths  TJ^ 
=  T0/E^,  which  are  proportional  to  the  corresponding  excitation 
probabilities  B(U  l)f  (see  text). 
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TABLE  1.  Numerical  results  for  dipole  excitations  observed  in  the  reaction  176Hf  (y.y1).  Given  arc  the 
excitation  energies  Ex ,  the  integrated  cross  sections  /? 0)  the  ground-state  transition  widths  F0,  the  branching 
ratios  Rexptm ,  the  spins  J  and  K  quantum  numbers  of  the  photoexcitcd  states,  and  the  reduced  ground -state 
transition  widths  In  cases  where  parities  could  be  assigned,  the  reduced  excitation  probabilities 

B(M  l)[  or  #(£I)t  arc  given,  otherwise  the  reduced  excitation  probabilities  arc  quoted  for  both  parities  (£1 
and  M 1  multipolarities),  see  text. 
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TABLE  J.  ( Continued .) 
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250  fjbh.  The  scattered  photons  were  detected  by  three  high- 
resolution  Ge  y-ray  detectors  installed  at  angles  of  about 
90°,  127°,  and  150°  with  respect  to  the  incoming  brems- 
strahlung  beam.  Each  of  the  detectors  had  an  efficiency  of 
about  100%  relative  to  a  standard  7. 6X7.6  cm2  Nal(TI)  de¬ 
tector.  The  energy  resolutions  were  typically  about  2  keV  at 
a  photon  energy  of  1.3  MeV,  and  about  3  keV  at  3  MeV.  The 
detector  at  127°  was  surrounded  additionally  by  a  BGO  anti- 
Compton  shield  to  improve  its  response  function.  With  this 
arrangement  the  peak-to-backg round  ratio  could  be  im¬ 
proved  by  a  factor  of  about  2. 

The  scattering  target  was  sandwiched  by  27  A I  disks  to 
provide  the  photon  flux  calibration  [13].  A  valuable  metallic 
sample  (total  mass  1.764  g)  was  available,  enriched  to  77% 
in  I76Hf  (relative  natural  abundance  5.206%)  for  the  present 
experiments.  The  main  impurity  consisted  of  177Hf  (11.5%). 
The  residual  impurities  were  I78Hf  (6.0%),  179Hf  (2.1%), 
and  l80Hf  (3.5%).  The  excitations  in  the  even-even  isotopes 
!78.i80Hf  w£re  known  from  our  previous  NRF  studies  [9]. 
Excitations  in  179Hf  can  be  neglected  due  to  the  very  low 
abundance  in  the  enriched  target  sample  and  the  expected 
strength  fragmentation  in  this  odd -mass  isotope.  Excitations 
in  177Hf,  the  main  target  impurity,  can  be  distinguished,  at 
least  in  principle,  from  those  in  UnHf  due  to  the  different 
angular  distributions  of  the  scattered  photons  and  the  differ¬ 
ent  decay  branchings  in  odd-mass  and  even-even  nuclei  (see 
Ref.  [3]). 

IV.  RESULTS 

Figure  1  shows  the  spectra  of  photons  scattered  off  176Hf 
detected  under  a  scattering  angle  of  127°.  The  spectrum  de¬ 
picted  in  the  upper  part  was  measured  using  a  bremsstrah- 
lung  beam  of  an  end  point  energy  of  4.1  MeV.  In  the  lower 
part  the  corresponding  spectrum  for  an  end  point  energy  of 
2.4  MeV  is  plotted.  The  photon  flux  calibration  lines  (27A1) 
and  the  background  lines  stemming  from  natural  environ¬ 
mental  activities  (mother  activities:  40K,  214Bi,  and  20XT1) 
are  marked  in  both  spectra.  All  other  peaks  are  ascribed  to 
transitions  in  176Hf.  The  comparison  between  both  spectra 
clearly  documents  the  considerably  enhanced  peak-to- 


background  ratio  in  the  lower  spectrum  taken  with  a  reduced 
end  point  energy  of  2.4  MeV.  This  allows  the  detection  and 
the  identification  of  inelastic  transitions,  and  hence  the  mea¬ 
surement  of  weaker  decay  branchings  to  lower- lying  excited 
states  with  improved  sensitivity. 

In  Fig.  2  an  extended  portion  of  the  spectrum  of  scattered 
photons  is  depicted  in  the  energy  range  where  the  scissors 
mode  strength  is  expected  from  the  systematics.  A  large 
number  of  peaks  was  well  resolved  and  observed  above  the 
smooth  continuous  background.  These  peaks  originate  from 
the  decay  of  the  photoexcited  states  back  to  the  ground  state 
or  to  the  first  2+  state. 

The  spins  of  the  observed  photoexcited  states  can  easily 
be  assigned  from  the  measured  ratios  of  the  intensities  of 
scattered  photons  detected  at  scattering  angles  of  90°  and 
127°.  In  Fig.  3  the  intensity  ratios  W(0  =  9OD)/W(© 
=  127°)  are  plotted  for  the  observed  ground-state  transitions. 
The  dashed  and  dotted  lines  show  the  values  expected  for 
pure  dipole  or  quadrupole  cascades  with  spin  sequences 
0-1-0  and  0-2-0,  respectively.  Obviously,  apart  from  some 
weaker  excitations  (with  large  uncertainties),  all  but  two  ob¬ 
served  transitions  are  of  dipole  character,  corresponding  to 
spins  7  =  1  of  the  excited  states. 

The  dipole  strength  distribution  detected  in  l76Hf  up  to  an 
excitation  energy  of  4  MeV  is  shown  in  Fig.  4.  Plotted  are 
the  reduced  ground-state  transition  widths  TqIE*  in 

the  case  of  dipole  transitions  (excited  states  with  7-1). 
These  values  are  directly  proportional  to  the  reduced  transi¬ 
tion  probabilities  of  interest,  B(E1 )  f  or  B(M  l)f .  For  even- 
even  nuclei  a  value  of  Fq?^=  1  meV/MeV2  corresponds  to  a 
B(M\)]  strength  of  0.259  filN  or  a  B(E  l)t  value  of  2.866 
X  10"  1  e1  fm2.  For  7  —  2  states  we  define  TfQd=  F0  IE''y . 
For  these  quadrupole  transitions  a  value  of  1  meV/MeV* 
corresponds  to  a  reduced  excitation  probability  of  B(E2)] 
=  6225  e2  fm4. 

The  results  obtained  in  the  present  experiment  for  dipole 
excitations  are  summarized  in  numerical  form  in  Table  I.  The 
quoted  quantities  are  the  excitation  energies  Ex  (with  an  es¬ 
timated  total  uncertainty  of  ^  1  keV),  the  integrated  scatter¬ 
ing  intensities /so,  ground-state  transition  widths  Tn>  the 
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TABLE  II.  Numerical  results  for  £2  excitations  observed  in  the 
reaction  l76Hf  (7,7').  Given  arc  the  excitation  energies  Ex ,  the 
integrated  cross  sections  ISX),  the  ground-state  transition  widths  F0, 
the  branching  ratios  Rexpl  ,  the  spins  J  and  K  quantum  numbers  of 
the  photoexcited  states,  the  reduced  ground-state  transition  widths 
l’o  ,  and  the  reduced  excitation  probabilities  B(  E2)  f,  see  text. 


/« 

ru 

Rcxpi 

Jn 

K 

£(E2)T 

(keV) 

(cVb) 

(mcV) 

m 

(meV/McV5) 

(e2  fm4) 

1341 

7.5(9) 

1.4(1) 

1.14(19) 

2  ! 

2a  0.31(3) 

1952(166) 

1692 

1.6(3) 

0.2(1) 

2  1 

0.017(3) 

106(21) 

1704 

L7(3) 

0.5(1) 

1.1(1)* 

2  f 

0.035(4) 

218(42) 

2280 

2.1(5) 

1.0(2) 

0.78(28) 

(2) 

0.016(3) 

98(18) 

3695 

5.8(9) 

4.1(6) 

(2) 
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uTakcn  from  literature  [14]. 


branching  ratios  Rexpr ,  the  reduced  ground-state  transition 
widths  Ff/  ,  the  assigned  spins  J  and  K  quantum  numbers. 
In  the  last  two  columns  the  reduced  excitation  widths 
B(E  l)|  and  B(M  l)|  are  given.  In  cases  where  no  parity 
assignment  was  possible,  the  reduced  excitation  probabilities 
are  quoted  for  both  multipolarities  (£1  and  Ml),  as  deduced 
from  the  measured  reduced  ground -state  transition  probabili¬ 
ties  F^ .  In  Table  II  the  same  quantities  are  given  for  states 
where  a  spin  J—  2  state  was  assigned  from  the  angular  dis¬ 
tribution  measurements  (quadrupole  excitations), 

V.  DISCUSSION 

Detailed  spectroscopic  information  on  about  55  spin-1 
states  in  1 7hHf  up  to  an  excitation  energy  of  4  MeV  has  been 
obtained  in  the  present  experiments.  Most  of  the  levels  were 
previously  unknown.  For  the  interpretation  of  these  dipole 
excitations  parity  assignments  are  crucial,  since  in  this  low- 
energy  range  both  magnetic  and  electric  dipole  excitations 
are  expected.  Besides  the  M 1  scissors  mode  excitations,  en¬ 
hanced  £1  transitions  to  the  octupole  bandheads  should  oc¬ 
cur  [_  1 0].  Unfortunately,  explicit  parity  determinations  using 
the  Stuttgart  Comp  on  polari meter  could  not  be  performed  in 
reasonable  running  times  due  to  the  low  scattering  cross  sec¬ 
tions  and  the  small  available  amount  of  enriched  target  ma¬ 
terial.  Therefore,  for  the  interpretation  we  apply  an  empirical 
rule  of  thumb  to  tentatively  assign  parities  to  the  observed 
spin-1  levels.  As  verified  in  our  numerous  NRF  experiments 
[3,9]  on  deformed  nuclei,  all  stronger  AK=  l  excitations 
were  of  magnetic  character,  whereas  A£  =  0  excitations 
were  £1  transitions.  The  K  quantum  numbers  of  the  photo- 
excited  states  can  be  determined  from  the  measured  decay 
branching  ratios  ReXpt,  within  the  validity  of  the  Alaga  rules. 
Several  spin-1  states  exhibit  RexpL  values  which,  however, 
disagree  with  the  Alaga  rules  indicating  some  K  mixing.  Ten¬ 
tative  parity  assignments  are  made  if  the  decay  branching 
ratios  match  reasonably  close  to  the  Alaga  rules,  and  are 
indicated  in  Table  I  by  parity  assignments  given  in  parenthe¬ 
ses.  For  the  following  discussion  we  assume  that  states 
which  exhibit  a  decay  branching  Rexpf**  l ,  corresponding  to 
K=  1  levels,  should  have  spin  and  parity  1  +,  and  levels 
with  Rexp{^  1  have  quantum  numbers  J 17  —  I  "  and 
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Energy  [keV] 

FIG.  5.  Systcmatics  of  observed  dipole  strength  distributions  in 
180,178.176^  plotted  arc  the  reduced  dipole  ground-state  transition 
widths  FQ,£/  =  ro  /£7 ,  which  are  proportional  to  the  corresponding 
excitation  probabilities  £(IT  1)| .  Left  part:  K  0  states.  Right  part: 
K  =  1  states. 

In  Fig.  5  the  dipole  strength  distribution  in  l76Hf  observed 
in  the  present  experiments  is  compared  to  the  results  of  our 
previous  studies  on  the  heavier  isotopes  178,1  ^Hf  [9].  Plotted 
in  each  case  are  the  reduced  transition  widths  as  a  func¬ 
tion  of  the  excitation  energy,  separately  for  K—  0  levels  (lefl 
part)  and  K=  1  states  (right  part).  According  to  the  empirical 
rule  discussed  above,  negative  parities  were  ascribed  to  K 
=  0  states  and  vice  versa,  positive  parities  to  K=  1  levels. 

The  Ml  strength  observed  in  176Fff  is  somewhat  more 
fragmented  than  in  ,7R-ia0Hf.  However,  the  distribution  pat¬ 
terns  look  quite  similar  in  all  even-even  Hf  isotopes,  with  a 
strong  excitation  near  2.7  MeV  and  two  strength  concentra¬ 
tions  at  3.0  and  3.7  MeV,  respectively.  Ascribing  to  all  ob¬ 
served  K~\  states  a  positive  parity,  the  detected  total 
B{M  1)|  strength  in  the  energy  range  of  the  scissors  mode 
(here  2. 4-3.7  MeV)  amounts  to  2.56(6)  fj}N,  nearly  the 
same  as  for  midshell  rare-earth  nuclei  [3,4]  but  higher  than 
that  observed  in  178J80Hf  [9].  The  total  Ml  strength  in  l7f,Hf 
fits  well  into  the  systematics.  This  can  be  seen  in  Fig.  6.  Here 
the  total  B(Ml)]  values  measured  in  even-even  nuclei  are 
plotted  as  a  function  of  the  neutron  number  in  the  region  of 
the  neutron  shell  N=82-126.  The  data  for  the  Hf  isotopes 
are  shown  by  filled  triangles.  The  total  Ml  strengths  ob- 
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FIG.  6.  Systematics  of  the  total  B{M\)]  strengths  observed  in 
even-even  nuclei  as  a  function  of  the  neutron  number  (see  Refs. 
[3,4]).  The  results  for  the  Hf  isotopes  176-l78'180Hf  are  shown  by 
filled  symbols. 

served  for  the  Hf  isotopes,  furthermore,  are  in  good  agree¬ 
ment  with  sum  rule  predictions  [15].  The  drop  of  the  Ml 
strength  at  mass  number  A  ^  180  indicates  the  start  of  the 
shape  transition  region  towards  y-soft  nuclei  at  A  ***  196. 

Also,  the  strength  pattern  for  the  excitation  of  K=  0  states 
(El  transitions)  exhibits  a  smooth  systematics.  The  excita¬ 
tion  energies  shift  to  higher  energies  with  increasing  mass 
number  A  (see  left  part  of  Fig.  5).  In  Fig.  7  the  excitation 
energies  of  the  lowest  1  “  states  in  even-even  nuclei  in  the 
mass  range  A  -  130-200  are  plotted.  For  rotational  nuclei, 
we  consider  the  lowest  1~  states  with  K—  0.  Near  the  N 
=  82  shell  closure  (A  ^140),  the  El  excitations  in  these 
spherical  nuclei  are  known  to  be  two-phonon  excitations  of 
the  type  2h®3“  [11].  These  excitations  have  rather  high 
excitation  energies  of  3.5-4  MeV,  which  decrease  going 
away  from  the  shell  closure  [11].  In  most  deformed  nuclei 
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FIG.  8.  Systematics  of  the  reduced  electric  dipole  excitation 
strengths  B(El)  |  of  the  lowest  (or  lowest  two)  observed  7fl  =  1 
states  in  even-even  nuclei  of  the  /V=82-126  shell  as  a  function  of 
the  mass  number  A.  The  data  for  176'l7K180Hf  arc  emphasized  by 
filled  symbols,  according  to  Ref.  [10]. 

the  lowest  E 1  excitations  correspond  to  transitions  to  the  1  ” 
bandhead  of  the  lowest  K  =  0  octupole  band  [10].  The  Hf 
data  shown  by  filled  symbols  fit  nicely  into  this  systematics. 

The  £1  strengths  of  the  lowest  1  ~  states  are  summarized 
in  Fig.  8.  High  E(El)T  values  of  about  20 X  10“ 3  e1  2 * 4  fnr 
were  observed  for  the  2"'®3“  two-phonon  excitations  in 
spherical  semimagic  nuclei  around  A  =140  and  for  transi¬ 
tions  to  the  octupole  bandheads  in  deformed  midshell  rotor 
nuclei.  In  between,  around  A=  146,  a  remarkable  reduction 
of  the  strengths  is  observed  (for  a  detailed  discussion,  see 
Ref.  [10]).  An  even  more  pronounced  reduction  is  evident  for 
nuclei  in  the  mass  region  of  a  shape  transition  from  well- 
deformed  rotors  to  more  y-soft  nuclei.  Already  for  the  iso¬ 
topes  19CU920s  only  very  weak,  nearly  negligible  low-lying 
E 1  strength  could  be  detected  [16].  The  data  obtained  for  the 
Hf  isotopes,  shown  in  Fig.  8  by  filled  symbols,  confirm  this 
nearly  linear  £1  strength  reduction  with  increasing  mass 
number  A.  It  is  not  yet  understood  how  the  apparent  reduc¬ 
tion  of  £  1  strengths  is  linked  to  the  shape  transition.  Com¬ 
parison  of  Fig.  8  (logarithmic  scale)  and  Fig.  6  yields  an 
obviously  different  behavior  of  the  £1  and  M 1  strength  dis¬ 
tributions  as  a  function  of  the  shape  transition  path. 
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Abstract  Experiments  with  the  long-lived.  high-Zv  isomer  178Hfm2  have  been  recognized  as  in¬ 
triguing  tests  of  multi-quasiparticle  state  structures  and  their  interactions  with  external  radiation. 
A  triggered  release  of  the  energy  stored  by  this  isomer,  2.5  MeV  per  nucleus  or  1.2  GJ/gram.  in 
the  form  of  a  gamma-ray  hurst  might  prove  valuable  for  numerous  applications.  The  observation  of 
‘‘accelerated”  decay  of  17SHl1Tl2  during  irradiation  by  90-fccV  bremsst  rah  lung  has  already  been  re¬ 
ported,  but  with  poor  statistical  accuracy  due  to  the  experimental  approach.  That  approach  employed 
single  Ge  detectors  to  seek  increases  in  the  areas  of  peaks  at  energies  corresponding  to  transitions 
in  the  spontaneous  decay  of  the  isomer.  The  need  for  better  quality  data  to  confirm  those  results  has 
motivated  the  development  of  improved  detection  concepts.  One  such  concept  was  utilized  here  to 
perform  an  initial  search  for  low-cncrgy  (<20  keV)  triggered  gamma  emission  from  1 28Hfm2  using 
the  YSU  mini  ball  detector  array. 

Key  words:  triggered  gamma  emission.  1 78 H fm2 .  nuclear  batteries,  multidetcctor  systems. 


1.  Introduction 

Even  without  coherence  or  directionality,  a  controlled  release  of  nuclear  energy 
in  the  form  of  gamma-ray  bursts  would  be  interesting  from  a  physical  perspective 
and  perhaps  useful  in  numerous  applications  [1,  2].  The  amounts  of  energy  that 
may  be  stored  within  nuclei,  and  are  capable  of  being  released  as  pure  electro¬ 
magnetic  emission,  can  reach  tremendous  levels.  When  concentrated  into  a  macro¬ 
scopic  sample,  some  long-lived  nuclear  excited  states  (isomers)  can  store  orders- 
of-magnitude  more  energy  per  gram  than  that  available  from  chemical  compounds 
and  may  release  that  energy  ‘'cleanly”,  without  the  direct  production  of  radioactive 
by-products.  The  31  -year  isomer  of  178Hf  lies  at  an  excitation  energy  of  2.443  MeV, 
corresponding  to  an  energy  density  of  1.2  gigaJoules  per  gram.  If  an  X-ray  pulse 
triggered  all  of  these  Hf  isomers  within  a  1-g  sample  and  all  the  stored  energy 
was  released  during  1  ns,  this  would  produce  a  1-exaWatt  (1018  Watts)  gamma-ray 
flash.  Perhaps  even  more  impressive,  the  radiation  Hash  would  provide  in  excess  of 
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40  krad/s  through  4  inches  of  Pb  (a  brick)  and  at  a  distance  of  1 00  m.  Such  isomeric 
nuclei  are  equivalent  to  nuclear  batteries  and  one  can  speculate  on  their  value,  such 
as  in  producing  a  gamma-ray  flash  to  cleanse  an  environment  of  biohazards.  With 
such  pure  and  applied  physics  motivations,  there  has  been  considerable  research 
over  the  past  few  decades  into  how  such  control  might  be  effected  and  which 
nuclides  would  provide  the  optimal  materials  [3]. 

The  most  obvious  form  of  control  is  simply  to  be  able  to  turn  on,  or  at  least  en¬ 
hance,  the  emission  of  gamma  rays  [4],  effectively  providing  the  ability  to  modify 
the  lifetime  of  nuclear  excited  states  [5-8].  One  of  the  most  promising  approaches 
has  been  to  employ  externally-produced  X-rays  as  a  means  of  triggering  the  emis¬ 
sion  of  gamma  radiation  [4]  and  many  experiments  over  the  past  decade  on  control 
of  gamma  emission  have  focused  on  this  idea.  The  use  of  X-rays  was  first  pro¬ 
posed  in  1974  [9]  as  a  possible  way  to  circumvent  technological  challenges  to  the 
creation  of  a  gamma-ray  laser.  Some  attractive  features  of  X-rays  are  that  they  may 
be  produced  in  significant  fluxes  by  modest-sized  devices,  they  may  be  shielded 
relatively  easily,  and  unused  incident  photons  and  some  emitted  gamma  rays  might 
be  '“recycled”  by  Compton  scattering  and  X-ray  fluorescence  to  produce  additional 
triggering.  The  present  focus  is  therefore  on  X-ray  driven  gamma  emission,  some¬ 
times  called  triggered  gamma  emission,  to  release  upon  demand  the  energy  stored 
in  nuclear  isomers. 

Isomers  are  commonly  found  to  exist  in  many  different  nuclides,  with  a  wide 
range  of  stored  energies  and  halflives.  Several  physical  mechanisms  may  provide 
isomerism  [10,  1 1]  and,  in  principle,  several  isomers  may  arise  at  different  excita¬ 
tion  energies  within  the  same  nucleus  due  to  different  mechanisms.  For  triggered 
gamma  emission,  the  major  focus  has  been  on  isomers  that  are  sufficiently  long- 
lived  to  permit  their  accumulation  in  appreciable  amounts  (that  is,  have  a  reason¬ 
able  shelf- life):  two  examples  are  '^Hf™2  and  180Tam,  with  halflives  of  31  years 
and  greater  than  1015  years,  respectively.  In  the  most  important  cases,  isomerism 
is  due  to  angular  momentum  considerations.  As  one  would  expect  for  atomic  elec¬ 
tromagnetic  transitions,  the  rate  of  nuclear  gamma  decay  of  an  excited  state  is 
related  to  the  energy  and  change  of  the  angular  momentum  vector  for  the  de¬ 
excitation  transition.  In  nuclei,  magnetic  dipole  transitions  are  the  most  common 
and  higher-multipolarity  electric  and  magnetic  transitions  occur,  giving  some  ex¬ 
cited  states  significant  lifetimes.  Such  a.  spin  isomer  is  180Tam,  where  the  long-lived 
state  (7j/2  >  1015  years)  at  75  keV  requires  an  MS  transition  for  its  gamma  de¬ 
cay.  Additionally,  many  nuclei  have  axially  symmetric  deformed  shapes  and  so 
it  becomes  possible  to  define  the  relative  orientation  of  the  angular  momentum 
vector,  designated  by  a  new  quantum  number  X.  Electromagnetic  transitions  that 
require  a  change  of  K  greater  than  the  change  of  total  angular  momentum  are 
further  hindered,  leading  to  enhanced  isomerism.  For  ^Hf™2,  the  31 -year  isomer 
occurs  mainly  through  an  E3  transition  that  requires  an  excess  of  A  K  —  A  L  —  5- 
this  is  an  archetype  K  isomer. 
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The  identification  of  prime  isomers  for  study  and  potential  applications  re¬ 
lies  on  a  complex  weighting  of  factors.  At  present  thirty-two  isomers  are  known 
possessing  halfiives  greater  than  3  days  [3]  and  other  long-lived  metastables  may 
eventually  be  found  in  searches  for  “extreme  K  isomers”  [11].  Three  parameters 
are  especially  important  in  considering  the  overall  potential  value  of  an  isomer:  the 
excitation  energy  of  the  state,  its  halflife,  and  the  cross  section  for  potential  mass 
production  by  neutron  capture  (thus  allowing  reactor  use).  Clearly  mHf  is  one  of 
the  most  interesting  isomers  from  the  perspective  of  energy  storage  with  its  31-year, 
2.445-MeV  (m2)  isomer,  although  the  ability  to  mass  produce  it  remains  a  question 
at  this  moment.  Also,  may  be  useful  in  a  pure  gamma-burst  application 

(having  a  stable  ground  state).  The  greatest  emphasis  of  current  research  is  on 
testing  triggered  emission  of  gamma  radiation  from  this  isomer. 


2.  Trigger  model  and  mHfn2 

Studies  of  X-ray  triggered  gamma  emission  bear  a  striking  similarity  to  decades- 
old  research  into  the  excitation  of  nuclear  states,  including  isomers,  by  absorption 
of  photons  [12,  13].  Both  occur  through  the  two-step  process  depicted  schemati¬ 
cally  in  Figure  1 .  A  nucleus  is  in  a  specific  initial  state  that  could  be  an  isomer  (to  be 
triggered)  or  a  ground  state  (as  in  traditional  experiments),  and  is  excited  to  reach 
an  intermediate  state  by  absorption  of  an  incident  photon.  The  intermediate  state 
is  necessitated  by  the  angular  momentum  considerations  -  direct  electromagnetic 
transitions  between  initial  and  final  slates  are  unlikely,  or  the  upper  of  the  two  states 
would  not  be  isomeric.  The  mediating  level  must  therefore  possess  values  of  J  (and 
perhaps  K)  intermediate  between  those  of  initial  and  final  states.  In  the  second  step, 
the  intermediate  state  decays  with  some  branch  leading,  usually  by  a  multiple-step 
gamma  cascade,  to  the  final  state.  The  measurable  parameters  of  the  reaction  are 
the  excitation  energy  of  the  intermediate  state  from  the  initial  level  and  the  integral 
cross  section,  or  ICS,  for  the  overall  initial-to-intermediate-to-final-state  transfer. 
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Figure  I.  Schematic  diagram  showing  the  general  process  of  X-ray  driven  f triggered)  gamma  emis¬ 
sion  if  the  initial  state  is  an  isomer  and  final  state  is  the  ground  state.  Equivalently,  the  diagram 
also  represents  photoexcitation  if  the  roles  (and  energy  positions)  of  the  initial  and  final  slates  ore 
reversed.  The  y  corresponds  to  the  incident  photon  that  initiates  the  process  while  the  y '  represents 
all  the  photons  emitted  during  the  cascade  from  intermediate  state  to  final  state. 
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Typical  experiments  for  photoexcitation  require  intense  irradiations  using  pho¬ 
ton  energies  up  to  several  MeV,  so  electron  accelerators  for  bremsstrahlung  pro¬ 
duction  have  been  the  most  utilized.  For  triggering  at  low  energies  (less  than  about 
200  keV),  synchrotron  radiation  is  becoming  more  valuable.  In  either  case,  if  the 
irradiating  spectrum  is  significantly  broader  than  the  absorption  resonance  that 
begins  the  process  of  Figure  L,  the  ICS  is  measured  instead  of  the  peak  value  of  the 
Lorentzian  cross  section.  The  ICS  gives  the  efficiency  of  the  process  and  may  be 
deduced  from  the  final-state  yield,  N /,  according  to 

ICSabs_mc*;  —  . , .  »  (0 

/Vr(dd>/dE) 

where  Nj  is  the  number  of  target  nuclei  in  the  initial  state  being  irradiated  by 
photons  having  the  spectral  flux  density  (flux  per  energy  interval)  d<f>/d£  at  the 
absorption  energy.  It  is  then  possible  to  relate  the  ICS  (often  expressed  in  cm2  MeV 
or  eVb)  to  the  reduced  transition  probability,  B(EL\  ML ),  according  to  standard 
fonnulations  [14]. 

Triggered  gamma  emission  has  only  been  conclusively  demonstrated  for  the  iso¬ 
mer  of  180Ta,  This  metastable  is  of  considerable  interest  for  basic  studies  related  to 
nuclear  structure  and  astrophysical  creation/destruction,  but  not  particularly  from 
the  view  of  potential  applications:  the  lowest-lying  trigger  level  requires  excitation 
by  incident  photons  of  about  1  MeV  [15]  while  the  isomer  only  stores  75  keV.  The 
main  reason  that  triggering  of  this  isomer  has  been  investigated  for  more  than  a 
decade  is  that  experiments  can  be  done  in  a  relatively  straightforward  manner. 

Experimentally,  the  main  issue  is  how  to  tell  if  triggered  gamma  emission  has 
occurred  in  detectable  amounts.  There  are  a  limited  number  of  general  methods 
that  can  be  utilized  for  the  detection  of  triggered  events  and  determination  of  the 
final-state  yield: 

J .  Detection  out-of-beam  of  short-lived  products  following  triggering  of  a  “stable” 
(extremely  long-lived)  isomer  -  so-called  activation  method, 

2.  Detection  in-beam  of  an  intensity  enhancement  of  spontaneous  decay  radiation 
driven  by  the  external  irradiation, 

3.  Detection  in-beam  of  a  new  gamma  line  corresponding  to  the  triggering  process 
that  does  not  appear  in  the  spontaneous  decay  of  the  isomer, 

4.  Detection  in-beam  of  a  unique  gamma-ray  cascade  due  to  triggering  that  is 
significantly  different  from  the  spontaneous-decay  cascade, 

5.  Detection  out-of-beam  of  a  loss  in  isomer  activity  as  a  result  of  “bum-up”  of 
part  of  the  metastable  population  during  an  intense  irradiation,  and 

6.  Detection  in-  or  out-of-beam  of  an  intensity  enhancement  in  the  equilibrium 
daughter  radiation  after  “burning”  an  isomer  to  a  radioactive  state. 

Early  on,  it  was  realized  that  the  first  (activation)  method  could  be  applied  to 
study  of  180Tam  since  it  is  so  long-lived  (7,l/2  >  1015  years)  and  since  its  unsta¬ 
ble  ground  state  has  a  halflife  of  merely  8.2  hours.  Any  evidence  of  ground-state 
daughter  radiation  after  exposure  of  a  sample  would  clearly  signal  triggering  (since 


INITIAL  SI ’.ARCH  FOR  TRIGGKRHO  GAMMA  EMISSION  FROM  178  Hfm2 


41 


> 

CD 


O 

(X 


2  h 


i  H 


0  L 


12  - 
io+- 

8  +  - 

6  +  ■ 
4  +  - 


13" 

12 

11" 

10' 

9" 


2:=^ 

0+  ground  state 


t  **  m9  knrripr 

• _ LL 

T,,.  =  31  v 

rn 

1  T  T _  1/  1  A 

' 

r\  i  KJ 

4: 

L  8" 

ml  isomer 


T 


irt 


4  s 
8 


178 


Hf 


16+ 


K  -  0 

Figure  2.  Schematic  partial  energy- level  diagram  for  i7^Hfn2.  The  downward  arrows  show  transi¬ 
tions  that  are  part  of  the  spontaneous  decay  cascade  of  the  31 -year  isomer,  which  is  delayed  upon 
reac  h  i  ng  the  4  -  s  i  so  me  r. 


no  daughter  radiation  is  present  otherwise).  Also,  macroscopic  samples  with  gram 
sizes  were  available,  meaning  that  even  with  a  natural  abundance  of  0.012%  sig¬ 
nificant  numbers  of  target  isomers  were  irradiated.  With  the  possibility  for  off-line 
(post-irradiation)  detection,  depletion  of  I80Tam  due  to  triggered  gamma  emission 
was  first  demonstrated  in  1987  [16].  Later,  in-depth  studies  identified  and  char¬ 
acterized  a  number  of  trigger  (intermediate)  levels  [17-20].  Although  the  large 
magnitudes  of  measured  ICS  were  initially  of  concern,  the  later  studies  showed 
that  they  were  indeed  in  general  agreement  with  nuclear  systematics  [21].  The 
experimental  situation  with  I78HP2  is,  unfortunately,  more  difficult. 

The  isomer  l78Hfn2  is  not  naturally  occurring  and  at  present  is  not  available 
in  amounts  larger  than  about  10lfi  atoms  in  the  metastable  state.  The  ground  state 
of  l78Hf  is  stable,  as  shown  in  the  partial  energy-level  diagram  of  Figure  2  and 
additionally  the  31-year  halflife  leads  to  a  significant  specific  gamma-ray  activity. 
Finally,  the  available  samples  contain  I72Hf  as  a  production  by-product  (contami¬ 
nant)  at  an  activity  that  is  presently  nearly  equivalent  to  that  from  178Hfn2.  Taken 
together,  these  factors  pose  a  much  greater  experimental  challenge  than  that  for 
studies  of  180Tam. 

It  was  first  recognized  in  1995  [22,  23]  that  experimental  systematics  for  the 
photoexcitation  of  neighboring  isomeric  nuclei  indicated  that  it  might  be  possible 
to  trigger  gamma  emission  from  178Hfn2  using  incident  X-rays  having  energies  on 
the  order  of  300  keV  or  less.  The  first  test  of  this  idea  was  conducted  in  1 998  [5,  24] 
using  a  dental  X-ray  device  to  irradiate  a  sample  containing  6  >  1014  ^Hf™2  atoms 
and  an  HPGe  detector  was  employed  to  acquire  pulse-height  gamma  spectra  during 
irradiations.  A  comparison  of  the  gamma  spectra  obtained  during  irradiation  with 
that  obtained  for  an  equivalent  live  time  without  irradiation  suggested  that  some 
gamma  rays  corresponding  to  the  spontaneous  decay  cascade  were  emitted  more 
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through  shielding  CHANNEL 

Figure  3 ,  Pulse-height  spectrum  from  an  isomeric  17SHf  target  obtained  during  irradiation  with  a 
dental  X-ray  device.  The  “zoom”  depicts  the  largest  enhancement  observed  in  the  experiment  of  |5|, 
about  2,8<r  for  the  495-keV  line. 


frequently  during  the  irradiations.  That  is,  the  corresponding  peaks  in  the  gamma 
spectrum  increased  in  size  (area)  by  small  amounts  that  nevertheless  suggested 
a  rather  large  effect.  The  ICS  was  estimated  to  be  about  106  eVb,  considerably 
larger  than  that  which  would  be  expected  based  on  established  nuclear  systematic^ 
[25-28].  The  trigger  energy  was  estimated  to  be  about  40  keV  in  [5]  and  later 
revised  to  approximately  10  keV  [29-33]. 

Figure  3  shows  a  pulse-height  gamma  spectrum  observed  in  the  experiment 
of  [5].  The  experiment  was  conducted  applying  the  second  approach  mentioned 
above  and  clearly  the  results,  despite  being  quite  intriguing,  suffer  from  poor  sta¬ 
tistics.  The  same  degree  of  statistical  uncertainty  plagued  other  work  conducted 
with  bremsstrahlung  sources  [29—33]  and  even  an  upcoming  publication  [34]  that 
employed  monochromatized  synchrotron  radiation  to  test  triggering.  The  difficulty 
lies  in  the  possible  presence  of  a  small  excess  of  gamma  emission  at  energies  cor¬ 
responding  to  some  of  the  spontaneous  decay  transitions.  It  can  be  expected  that  at 
least  some  of  the  spontaneous  decay  transitions  will  be  part  of  a  triggered  cascade 
since  all  paths  must  eventually  lead  to  the  ground  state  through  the  lower  part  of 
the  ground-state  band.  Therefore,  an  excess  of  counts  may  appear  superimposed 
upon  peaks  of  considerable  size  from  the  spontaneous  decay  activity,  leading  to 
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Figure  4.  Sum™ energy  versus  multiplicity  in  a  bi-dimcnsional  spectrum  of  gamma  rays  from  a 
1 7Sj_[f sample  (with  contaminating  172HQ  measured  with  the  Darmstadt-Heidelberg  crystal  hall. 
The  figure  is  reproduced  in  part  from  [36 1  by  permission. 


a  large  absolute  uncertainty  in  the  magnitude  of  any  excess.  If  some  of  the  same 
electromagnetic  transitions  participate  from  both  triggering  and  natural  decays,  it 
is  not  possible  to  separate  the  two  types  of  events  using  a  single  detector  which 
only  records  the  numbers  of  incident  gamma  rays  and  their  individual  energies. 

A  method  that  differentiates  between  triggered  and  spontaneous  events,  and 
gammas  from  the  contaminating  I72Hf,  was  proposed  in  [35].  The  concept  hinges 
on  a  “natural  gift”  in  I78Hf  of  the  4-s  ml  isomer,  which  delays  the  spontaneous 
decay  cascade  from  the  31 -year  m2  isomer  at  an  energy  of  1.147  MeV.  As  seen 
in  Figure  2,  all  electromagnetic  decays  are  collective  Ml  or  E2  transitions  within 
bands  except  for  those  that  depart  from  the  two  isomers.  The  lifetimes  of  the  col¬ 
lective  transitions  are  very  short  and  so  a  natural  decay  from  178  HP1 2  leads  to  two 
bursts  of  closely  coincident  gamma  rays.  The  upper  part  of  the  cascade,  leading 
from  m2  to  ml,  provides  a  total  energy  of  1.271  MeV  and  an  average  multiplicity 
(number  of  emitted  gammas)  of  about  5  as  seen  from  Figure  2.  Likewise,  the  lower 
part  of  the  cascade,  leading  from  ml  to  the  ground  state,  releases  a  total  energy 
of  1.147  MeV  and  has  a  multiplicity  of  exactly  5.  It  was  proposed  [35]  that  at 
least  some  branch  of  triggered  decay  will  by-pass  the  ml  level,  emitting  a  total 
of  2.445  MeV  4-  trigger  energy  in  a  burst  that  is  at  most  retarded  by  passing 
through  the  short-lived  isomer  at  1.554  MeV  (T1/2  =  77.5  ns,  not  shown  in  the 
figure).  Thus,  these  triggered  events  will  be  distinguishable  through  the  high  sum 
energy  of  their  gamma  bursts  and  through  their  much  higher  multiplicity  (per¬ 
haps  more  than  8,  as  needed  to  rid  the  nucleus  of  its  total  angular  momentum 
of  ~  16  in  steps  of  1  or  2).  Decays  of  I72Hf  and  its  daughters  lead  to  a  sum  energy 
of  about  2  MeV  and  should  be  distinguishable  from  triggered  decay  of  1?SFTP2. 
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Since  no  naturally-occurring  events  produce  such  high  (2.445  MeV  +)  energy 
events  in  coincident  gamma  rays,  any  triggered  events  detected  with  this  value 
will  appeal-  superimposed  on  a  zero  background,  leading  to  greatly  improved  sta¬ 
tistical  accuracy.  A  multi-detector  array  has  already  been  used  [361  to  examine 
I78HPn2  in  unrelated  experiments  and  it  was  indeed  possible  to  find  the  loci  of  data 
corresponding  to  the  broken  spontaneous  decay  cascade  as  shown  in  Figure  4. 


3.  Detection  system 

The  experiment  of  Ref.  [36]  employed  a  multi-detector  array  of  high  intrinsic  and 
geometric  efficiency,  the  Darmstadt-Heidelberg  crystal  ball.  For  triggering  exper¬ 
iments,  that  approach  was  modeled  here  on  a  smaller  scale  by  the  YSU  miniball 
array.  The  miniball  consisted  of  six  3"  x  3"  right-circular  Nal  detectors  arranged 
to  cover  approximately  80%  of  4 n  solid  angle  in  the  housing  shown  in  Figure  5. 
Samples  were  suspended  in  the  center  and  incident  photons  injected  along  one  of 
the  diagonals  of  the  cubic  housing.  Unused  flux  exited  that  housing  diagonal  to¬ 
ward  a  beam  dump.  One  10%  HPGe  detector  was  used  in  the  system  and  observed 
the  samples  through  a  gap  between  Nal  scintillators  along  a  different  diagonal  of 
the  housing.  To  minimize  the  amount  of  Compton-scattered  photons  reaching  the 
detectors,  1  mm  Pb  filters  were  placed  over  their  end  faces  and  their  cylindrical 
surfaces  were  wrapped  in  several  mm  of  lead  to  reduce  environmental  scattering 
from  the  beam  dump. 


Figure  5.  Photograph  of  the  YSU  miniball  detector  array  for  studies  of  triggered  gamma  emission 
from  178 Hf™2.  The  cubical  housing  holds  the  Nal  and  the  Ge  views  the  sample  through  a  diagonal. 
Behind  the  mini  ball  is  the  bre  mss  trah  lung  source  used  in  this  experiment. 
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A  branch  of  triggered  events  should  produce  high  sum-energy  cascades  that 
include  transitions  in  the  lower  part  of  the  ground-state  band  (such  as  93,  213  and 
325  keV).  For  this  reason,  the  Ge  detector  was  used  to  measure  the  energy  of  one 
gamma  ray  in  each  burst  with  high  precision  (due  to  its  excellent  resolution)  and 
to  initiate  the  DAQ  trigger  stream.  The  data-acquisition  system  is  shown  schemat¬ 
ically  in  Figure  6.  A  number  of  logical  conditions  were  satisfied  to  generate  an 
electronic  trigger  (gate)  that  caused  a  gamma  burst  to  be  recorded.  In  this  system, 
using  a  pulsed  bremsstrahlung  source,  these  conditions  were: 

1 .  A  gamma  ray  must  be  detected  by  the  Ge  and  its  energy  must  be  greater  than  a 
chosen  threshold, 

2.  X-rays  must  be  incident  on  the  sample  (for  beam-on  measurements). 

3.  No  error  conditions  are  present  (like  a  warm  detector  or  a  LN2  autofill  cycle  in 
operation). 

4.  At  least  one  of  the  miniball  Nal  must  receive  a  gamma  ray  in  coincidence  with 
the  Ge  signal  and  the  Nal  gamma  ray  must  have  an  energy  greater  than  a  chosen 
threshold. 

The  first  condition  was  implemented  using  NI'M  logic  from  a  constant-fraction 
(CF)  discriminator,  after  processing  the  Ge  signal  with  a  fast  (timing)  filter  ampli¬ 
fier.  Nal  signals  were  preamplified  for  impedence  matching,  then  fed  into  separate 
channels  of  an  Ortec  CF8000  octal  CF  discriminator.  N1 M  logic  from  the  six  active 
CF8000  channels  were  combined  as  an  AND  with  the  Ge  logic  signal.  The  logical 
output  of  the  AND  was  of  fixed  width,  initiated  whenever  the  Ge  and  one  or  more 
Nal  signals  overlapped  by  at  least  3  ns.  This  provided  the  fourth  condition  but 
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without  imposition  of  good  coincidence  since  the  input  logic  signals  were  quite 
long  compared  to  the  overlap  requirement.  The  second  find  third  conditions  were 
represented  by  logic  pulses  with  durations  of  100  ms  and  hundreds  of  s,  respec¬ 
tively,  and  were  implemented  through  gating  the  various  units.  All  discriminator 
thresholds  were  set  to  correspond  to  100  keV,  the  endpoint  of  the  bremsstrahlung 
to  be  used  in  irradiations  for  this  work. 

The  trigger  stream  produced  a  3-/xs  gate  for  a  CAM  AC  ADC  system  suitable 
for  high  data  rates  via  FERA  instruments.  Individual  signals  to  be  recorded  were 
digitized  by  a  quad  peak-sensing  ADC,  assembled  into  an  event  by  a  FERA  driver 
and  buffered  into  a  FERA  memory.  Generation  of  new  gates  was  inhibited  for  20  /xs 
after  production  of  a  trigger  to  allow  the  ADC  to  complete  conversion  of  three 
active  inputs.  The  maximum  system  throughput  was  50  kHz  from  this  restriction  on 
the  occurrence  of  gates.  Upload  of  recorded  events  occurred  only  upon  a  buffer  full 
condition.  System  control  was  accomplished  using  Sparrow  KMaxNT®  software 
customized  for  this  application. 

The  three  analog  signals  to  be  digitized  in  each  event  were  the  Ge  signal  pulse 
height,  the  summed  Nal  pulse  height,  and  the  detected  multiplicity  from  the  six 
Nal.  The  Ge  spectroscopic  signal  was  taken  from  its  second  preamplifier  output 
and  sent  to  a  linear  amplifier.  The  summed  signal  and  multiplicity  were  both  ob¬ 
tained  from  the  CF8000  which  provided  a  direct  analog  sum  signal,  a  logic  signal 
from  each  input  channel,  and  an  updating  multiplicity  signal  that  is  proportional  to 
the  number  of  active  channels.  The  analog  sum  was  amplified  by  a  second  linear 
amplifier,  while  the  short-duration  multiplicity  signal  was  stretched  and  inverted 
prior  to  digitizing.  Delays  were  used  where  necessary  to  match  the  gate  and  three 
spectroscopic  signals  as  shown  in  Figure  7. 

Coincidence  was  defined  in  the  most  restrictive  way  from  the  updating  multi¬ 
plicity  signal  of  Figure  8  after  digitization.  Digitizing  the  stretched  pulse  served 
to  record  an  average  pulse  height  for  the  signal  and  when  histogrammed,  this 
height  was  spread  over  many  channels.  Choosing  only  a  small  range  of  channels 
to  represent  a  detected  multiplicity  of  one,  for  example,  a  coincidence  curve  was 
obtained.  The  resolving  time  indicated  there  was  about  150  ns  -  pulses  from  sepa¬ 
rate  Nal  arriving  within  this  time  appeared  within  the  chosen  histogram  range.  This 
time  could  in  principle  be  reduced,  but  with  a  corresponding  reduction  in  the  total 
number  of  events  accepted.  Pile-up  rejection  was  employed  for  the  amplifier-ADC 
combinations,  but  did  not  affect  sum  energy  signals  due  to  individual  pulses  less 
than  500  ns  apart. 

General  response  of  the  system,  including  efficiency,  was  verified  by  using 
standard  calibration  sources.  Of  particular  value  was  60Co  whose  decay  produces 
two  coincident  gamma  transitions  with  energies  of  1173  and  1 332  keV  -  the  time 
delay  between  these  photons  is  unmeasured  and  certainly  less  than  1  ns.  Figure  9a 
shows  a  surface  plot  of  the  data  obtained  from  this  source  while  Figure  9b  shows 
the  same  data  as  a  gray-scale  contour  plot.  In  both  cases,  counts  are  located  by  the 
Ge  pulse-height  (y  axis)  and  the  Nal  sum  energy  (x  axis).  The  expected  correlation 
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Figure  9.  (a)  Surface  and  (b)  contour  pit >ts  uf  data  taken  with  the  min iball  for  1173  keV  artel  1332  keV 
gamma  rays  emitted  from  a  ^Co  calibration  source  and  acquired  over  about  15  hours.  A  line  drawn 
through  the  loci  of  peak  counts  corresponds  to  a  sum  energy  at  2,505  MeV. 


is  clearly  seen:  events  in  which  the  Ge  detects  the  higher  (1332  keV)  transition  and 
the  miniball  detects  the  lower  (1173  keV)  transition  appear  as  one  locus  of  counts 
while  the  reversed  situation  appears  as  a  second  locus.  Both  loci  correspond  to  a 
total  summed  energy  for  the  cascade  of  (1332  +  1 173)  keV  =  2.505  MeV  and 
this  sum  energy  is  depicted  by  a  line  drawn  through  both  loci.  The  much  greater 
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resolution  of  the  Ge  coordinate  is  evident.  When  applied  to  178Hfn2  samples,  the 
larger  number  of  peaks  makes  impractical  a  continued  use  of  surface  plots  so  in  the 
following  section,  only  contour  plots  will  be  used. 


4.  Experiment  and  results 

Irradiations  of  samples  were  performed  using  a  radiographic  X-ray  tube  with  a 
rotating  anode  operated  in  a  pulse  mode.  Bremsstrahlung  was  produced  for  this 
experiment  using  an  accelerating  voltage  of  100  kV  (photon  endpoint  of  100  keV), 
anode  current  of  100  mA  and  a  pulse  duration  of  100  ms.  A  repetition  rate  of 
1  /3  Hz  was  employed  to  maintain  a  safe  rate  of  heat  deposition  to  the  anode,  but  it 
was  necessary  to  allow  the  tube  housing  to  cool  for  several  hours  after  about  each 
hour  of  pulsed  irradiation.  Overall,  a  total  of  9  minutes  of  beam-on  target  time 
was  accumulated  during  4.5  hours  of  operational  time,  spread  over  a  significantly 
longer  period.  The  photon  spectral  intensity  incident  on  the  sample  was  determined 
by  a  custom  EGSnrc  simulation  [37]  and  compared  with  an  semi-empirical  calcu¬ 
lation  [38]  as  shown  in  Figure  10.  At  lower  accelerating  voltages  it  was  possible 
to  acquire  pulse-height  spectra  of  the  bremsstrahlung  from  a  10%  HPGc  detector 
operated  in  a  pin-hole  configuration  and  these  spectra  showed  general  agreement 
with  the  calculated  results. 

The  isomeric  sample  was  provided  by  SRS  Technologies,  Inc.  and  contained 
3  x  1013  178HPn2  atoms.  The  material  was  deposited  into  a  5-mm  radius  spot  in  the 


E  [keVl 

Figure  JO.  Plot  of  bremsstrahlung  spectral  intensity  for  ihc  cndpoinL  of  100  keV  used  in  this  ex¬ 
periment,  calculated  by  a  custom  HCTSnrc  simulation  [37 J  and  the  semi-empirical  form  of  |38|.  The 
X-ray  tube  used  a  standard  90/10  W/Re  anode  beveled  at  12°  and  bremsstrahlung  exited  the  tube 
through  an  inherent  Lillration  equivalent  to  1  mm  Al.  The  EGSnrc  code  ran  tor  64.6  million  histories 
(electrons  incident  on  the  anode)  and  production  of  characteristic  X-rays  was  turned  off  to  increase 
efficiency  of  the  simulation  (thus  Lhe  lack  of  such  X-rays  in  the  BGSnrc  spectrum). 
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Figure  II.  Contour  plot  of  data  taken  with  the  minibaJl  showing  background  radiation  from  the 
i78j_[pnJ/172|_jt'  sampic  xhe  zoom  concentrates  on  gamma  rays  detected  from  1 7SHfm7  spontaneous 
decay.  No  brems.sirahlung  was  incident  on  the  sample  during  acquisition  of  this  data  which  was 
recorded  for  1 1 .5  h. 


center  cylindrical  cavity  of  a  plastic  capsule.  A  dummy  sample  was  also  available, 
containing  only  ground  state  hafnium  isotopes  in  natural  abundances,  deposited 
in  the  same  manner  and  in  the  same  total  size  and  concentration  as  the  isomeric 
sample. 

Figure  11  shows  data  acquired  from  the  isomeric  sample  without  irradiation 
over  a  period  of  1 1.5  hours.  The  full  plot  shows  peaks  from  178Hf™2  and  172Hf  nat¬ 
ural  decays  -  the  zoomed  section  concentrates  on  spontaneously-emitted  gamma 
rays  from  17SHfn2.  At  Ge  (y  axis)  channels  near  250,  the  doublet  at  213.4  keV 
(from  the  ground  state  band)  and  216.6  keV  (from  the  4-s,  ml  8-band)  is  resolved. 
Belonging  to  different  pairs  of  the  broken  spontaneous  cascade,  the  members  of 
the  doublet  correlate  to  the  separate  bursts  in  the  broken  decay  of  the  31 -year 
isomer  and  their  peak  loci  correspond  to  different  sum-energy  lines.  The  detected 
sum  energy  from  the  4-s  isomer  decay  was  less  than  1.147  MeV  since  the  pulse 
discrimination  and  the  Pb  filter's  precluded  the  detection  of  the  88  and  93  keV 
transitions  (both  of  which  are  also  strongly  converted)  with  significant  efficiency. 
A  sum  energy  line  drawn  near  2.0  MeV  corresponds  to  gamma  rays  emitted  in 
decays  of  l72Hf  and  its  daughters.  Loci  from  these  lines  appear  as  expected  in  the 
spectrum  of  Figure  1 1,  such  as  at  1093  keV  (Ge)  +  900  keV  (Nal)  and  the  reverse, 
but  occur  with  generally  lower  probability  due  to  the  higher  energy  of  these  gamma 
rays.  It  is  apparent  that  no  experimental  background  of  any  kind  occurs  in  a  region 


INITIAL  SKARCH  FOR  TRIGHLRBO  GAMMA  EMISSION  FROM  ,78nrn2 


51 


EWmgn  [channels] 

Figure  12.  Contour  plot  of  data  taken  with  the  miniball  showing  radiation  from  the  l7SHfm2/l72Hf 
sample  during  9  min  of  bremsstrahJung  irradiation  at  100  keV  endpoint.  The  bremssttahlutig  source 
was  operated  at  100  mA  with  100  ms  pulses  at  0.33  Hz.  The  total  real  time  was  about  4.3  hours,  but 
the  actual  experiment  duration  was  much  longer  due  to  the  need  to  allow  the  X-ray  tube  housing  to 
cool  periodically. 


corresponding  to  detectable  (>100  keV)  members  of  the  ground-state  band  and 
sum  energy  near  2.5  MeV,  where  triggered  events  would  be  expected  to  appear.  All 
values  of  detected  multiplicity  are  included  in  this  plot. 

Figure  12  shows  similar  data  taken  from  the  isomeric  sample  obtained  during 
irradiation  for  a  total  of  9  minutes  at  100  keV  and  100  mA.  In  actuality,  the  experi¬ 
ment  took  a  considerably  longer  time  due  to  heating  issues  for  both  tube  anode  and 
housing.  Despite  the  much  shorter  acquisition  time,  the  features  seen  in  Figure  1  1 
appear  corresponding  to  spontaneous  decays  from  the  sample.  The  region  in  which 
triggered  events  should  appear  is  completely  empty  of  counts.  Again,  all  detected 
■multiplicities  are  included  in  the  plot. 


5.  Discussion 

Reference  [29]  reported  evidence  of  triggered  gamma  emission,  as  enhancements 
to  spontaneous  decay  lines,  and  estimated  the  ICS  to  be  greater  than  2.2  x  10“ 
cm2  keV  for  incident  photons  less  than  20  keV.  The  spectral  intensity  near  10  keV 
in  the  present  experiment  was  about  10s  photons/(s  cm2  keV)  as  determined  by  the 
EGSnrc  simulation  shown  in  Figure  10.  Taking  this  intensity  and  the  reported  ICS, 
Equation  (1)  indicates  that  about  360  events  should  have  occurred  during  the  period 
of  the  irradiation  used  in  this  experiment. 
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The  detection  efficiency  for  the  miniball  system  depends  on  the  specific  char- 
acteristics  of  a  triggered  event  -  for  the  following  example,  it  is  assumed  that: 

1.  The  energy  of  gamma  rays  emitted  in  a  triggered  event  is  300  keV,  similar  to 
the  average  energy  for  spontaneous-decay  transitions. 

2.  The  triggered  cascade  has  a  high  real  multiplicity  (number  of  transitions)  of 
eight. 

It  is  then  possible  to  estimate  the  efficiency  for  observing  an  event  in  which  the  Ge 
and  three  of  the  Nal  detect  coincident  photons  from  a  triggered  event  (also  leading 
to  a  high  sum  energy).  The  absolute  full-energy  peak  efficiencies  at  300  keV  for  the 
Ge  and  Nal  are  about  2%  and  6%,  respectively,  considering  the  different  distances 
to  the  sample.  A  simple  Monte  Carlo  code  may  be  employed  to  model  efficiency 
for  three  Nal  scintillators  to  detect  gamma  rays  from  the  high-multiplicity  cascade 
-  the  value  is  about  25%.  Thus  the  overall  detection  efficiency  for  such  a  hypo¬ 
thetical  event  is  0.05%,  or  one  out  of  every  2,000  events.  This  amount  of  triggering 
would  require  at  least  an  increase  to  50  minutes  of  irradiation  time  using  the  pulsed 
bremsstrahlung  source.  Of  course,  this  represents  a  considerably  longer  real  time 
due  to  the  heat  deposition  considerations  mentioned  above.  The  present  experiment 
provides  an  upper  limit  on  the  ICS  for  triggering  on  the  order  of  1 0~20  cm2  keV  for 
incident  photons  near  10  keV. 

The  experimental  approach  can  be  improved  in  several  ways  to  provide  higher 
event  rates  (based  on  reported  ICS)  and  with  even  lower  background.  One  approach 
is  to  use  larger  volume  Ge  and  Nal  detectors.  This  will  not  only  increase  the  ab¬ 
solute  detection  efficiency,  but  also  reduce  the  Compton  background  in  relation 
to  the  corresponding  full -energy  peaks.  It  is  clear  from  Figure  11  that  random 
correlations  between  full  energy  peaks  and  Compton  backgrounds  in  the  different 
detectors  make  analysis  of  such  bi-dimensional  spectra  more  difficult  and  these 
correlations  can  be  reduced  by  higher-efficiency  detectors.  In  addition,  a  decrease 
in  the  resolving  time  between  Nal  signals  will  reduce  such  accidental  coincidences. 
This  is  best  accomplished  by  replacing  the  analog  sum  and  multiplicity  role  of  the 
CF8000  by  a  scheme  that  includes  separate  charge  and  arrival-lime  digitization  for 
all  the  Nal  signals.  It  will  then  be  possible  to  employ  software  sorting  on  the  data 
matrix  for  a  range  of  coincidence  windows  from  10  ns  to  several  fx s.  This  has  the 
added  benefit  of  revealing  any  transitions  due  to  cascades  through  the  78-ns  isomer. 
Finally,  the  use  of  more  intense  irradiation  sources,  perhaps  from  synchrotrons,  will 
increase  the  event  rate  in  a  straightforward  manner.  Upgrades  will  be  conducted  in 
all  these  directions  prior  to  further  experiments. 
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Abstract  Observation  of  a  hidden  nuclear  population  inversion,  as  a  precursive  experimental  proof 
of  the  concept  of  recoil -assisted  gamma-ray  lasing,  can  be  accomplished  by  pure  optical  methods 
due  to  spectral  shift  of  atomic  transitions.  This  paper  presents  numerical  estimates  and  a  proposal  for 
such  a  proof-of-principle  experiment. 

Key  words:  recoil -ass  is  Led  nuclear  gamma-lasing,  laser  cooling  of  atoms. 

The  eventual  experimental  demonstration  of  gamma-ray  lasing  (GRL)  resting 
on  the  concept  of  recoil-assisted  stimulated  process  in  deeply  cooled  nuclear  en¬ 
sembles  [1]  is  very  promising.  It  is  also  very  complex  and  challenging.  The  feasi¬ 
bility  of  such  an  experiment  rests  on  the  creation  of  a  so-called  hidden  population 
inversion,  one  of  the  main  points  of  a  full-scale  GRL  experiment.  An  important 
precursive  step  would  be  to  observe  the  principal  existence  of  a  hidden  nuclear* 
population  inversion  in  an  independent  sub-threshold  experiment  without  the  re¬ 
quirements  of  a  “hot”  lab.  Such  an  initial  experiment  looks  much  simpler  than 
a  full-scale  above-threshold  one  and  may  be  accomplished  with  mostly  optical 
measurement  methods  and  a  rather  modestly-powered  non-coherent  X-ray  pump 
source.  It  is  grounded  on  the  fact  that  a  hidden  nuclear  inversion  occurring  as 
a  shift  in  velocity  distribution  between  atom  groups  with  excited  and  unexcited 
nuclei  may  be  readily  seen  in  a  corresponding  shift  in  the  atom  optical  spectrum 
due  to  the  Doppler  effect.  The  need  to  utilize  such  a  recoil-assisted  approach  to 
achieve  a  gamma-ray  laser  is  reviewed  in  [2]  in  the  context  of  difficult  solid-state 
(non-recoil  assisted)  approaches  as  summarized  in  [3], 

The  general  experimental  scheme  consists  of  a  medium  of  nuclei  bearing  atoms 
cooled  down  to  the  temperature  T  and  confined  in  a  trap.  Known  methods  of  optical 
laser  cooling  may  be  employed  to  accomplish  this.  The  atom  velocity  distribution 
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in  this  medium  has  a  single  narrow  peak  centered  on  the  common  translation 
velocity  o0  and  with  an  average  chaotic  thermal  velocity 


v  ^  1.5  x  I04y-  cm s-1 


(I) 


that  depends  on  the  temperature  T  (in  K)  and  isotope  number  A  (clearly  the  trans¬ 
lation  velocity  can  even  be  u0  =  0).  The  nuclear  medium  is  irradiated  by  a  well- 
collimated  non-coherent  X-ray  beam  directed  along  the  z  axis  of  the  experimental 
setup.  As  a  result,  due  to  absorption  of  an  X-ray  photon  with  energy  hco  £0  an 
excited  nucleus  originally  at  rest  acquires  the  kinetic  recoil  energy 


Ekc  =  0.53—  meV 
A 

and  a  corresponding  velocity  increase  in  the  z  direction 

At,  £3  3  x  104  —  cms"1, 

A 


(2) 

(3) 


where  Eq  is  the  nuclear  transition  energy  in  keV.  The  typical  figures  are  EKC  = 
1 0  meV  and  Avz  =  1 00  m  s~] . 

So  after  irradiation  the  atom  velocity  distribution  in  the  c -direction  changes 
and  possesses  two  narrow  peaks  corresponding  to  the  atoms  having  excited  and 
unexcited  nuclei.  These  peaks  can  be  reliably  resolved  if 


Ad-  »  v  (4) 

and  if  the  concentration  ratio  of  excited  nuclei  n2  over  the  unexcited  ones  m 
exceeds  a  quantity 

7  >exp(-6J5fl)'  <5> 

This  inequality  expresses  the  requirement  that  the  wing  of  the  Maxwellian  ve¬ 
locity  distribution  of  atoms  with  unexcited  nuclei  does  not  overlap  the  maximum 
of  the  new  peak  in  the  distribution  that  originates  from  atoms  with  excited  nuclei.  It 
should  be  emphasized  that  this  inequality  definitely  gives  too  weak  of  a  limitation 
on  the  temperature  because  even  in  the  sub-threshold  case  under  consideration  the 
ratio  n2/ri\  may  be  relatively  small,  but  cannot  be  so  small  as  to  preclude  the 
needed  number  of  luminescent  atoms  for  detection.  A  more  realistic  inequality 
follows  from  (4): 

Vr«2-^L  Ki/2.  (6) 

According  to  the  concept  of  a  recoil-assisted  GRL,  the  appearance  of  two- 
atomic  groups  separated  in  the  z- velocity  domain  manifests  the  production  of  a  hid¬ 
den  nuclear  inversion  that  could  support  a  gamma-photon  flux  counter  propagating 
relative  to  the  direction  of  the  pump  X-ray  beam. 
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If  a  pulsed  X-ray  irradiation  is  used,  the  pronounced  hidden  inversion  exists 
only  for  limited  time  interval 

A/  «  r1/2  (7) 

that  is  shorter  than  the  half-life  time  r[/2  of  the  excited  nuclear  state.  This  is  because 
a  second  recoil  process  accompanying  the  spontaneous  gamma  decay  of  excited 
nuclei  smoothes  the  corresponding  narrow  atomic  velocity  peak.  In  the  alternative 
case  of  continuous  X-ray  irradiation,  the  hidden  inversion  must  be  observed  on 
the  broad  background  of  nuclei  undergoing  spontaneous  decay.  The  same  reason 
requires  that  the  duration  of  the  X-ray  pump  pulse,  A tx,  should  be  limited  to 


Atx  «  rI/2. 


(8) 


This  leads  to  the  following  estimate  for  the  obtainable  ratio  of  concentrations  of 
excited  to  unexcited  nuclei: 

n2  A.2  2 h  +  1 

—  ^  \  -  \  ixA/jf,  (9) 

n  i  T\f2  2  J]  +  1 

where  A  is  the  gamma  wavelength,  jx  is  the  brilliance  (spectral  density)  of  the  X-ray 
source,  and  J2  and  J\  are  the  angular  momenta  of  upper  and  ground  states  of  the 
gamma  transition,  respectively.  One  can  see  that  the  brilliance  jx  must  be  relatively 
large  to  obtain  a  tangible  amount  of  excited  nuclei,  say  at  least  jx  ~  10s  photons 
per  (cm'sHz).  For  instance,  n2/n{  ~  JO-9  if  A  -  10-8  cm  and  Atx/z{n  —  0.2. 
Then  the  inequality  (5)  can  be  much  more  than  satisfied,  if,  for  instance,  A  —  50 
and  7  =  10  mK. 

The  appearance  of  a  new  group  of  atoms  with  velocity  difference  A  t;  (Equa¬ 
tion  (3))  simultaneously  results  in  a  Doppler  shift  Avopt  of  the  optical  spectral  line 
(observed  in  the  ±z  direction)  of  the  atom  group  bearing  nuclei  in  the  excited  state 
relative  to  the  atom  group  bearing  unexcited  nuclei: 


Ay 


opt 


(10) 


The  two  split  optical  lines  corresponding  to  atoms  with  excited  and  unexcited 
nuclei  are,  in  principle,  resolvable  by  optical  spectroscopic  methods  only  if 


Avopt  »  A  vr, 
where 


(11) 


Avr  =1  x  Kr7vopt^/f  (12) 

is  the  Doppler  broadening  of  the  optical  lines  and  vopl  is  the  frequency  of  the  optical 
transition. 
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So  it  follows  from  Equations  (3)  and  ( 1 0)— ( 1 2)  that 
Vt  «  l.4-~  Kl/2  (13) 

V 

which,  of  course,  practically  coincides  with  the  inequality  (6). 

Optica]  spectra]  measurements  should  be  accomplished  during  the  time  interval 
At  shown  in  (7).  Taking  into  account  the  typical  characteristic  time  of  optical 
luminescence  A/]urn  ^  10  ns,  one  must  require  that  A t  >  A/Ium.  So  this  leads  to  an 
estimate  for  the  desired  nuclear  half- life  (Equation  (7))  to  support  this  experiment 

x\i2  »  At  »  A t]um  a*  10  ns  (14) 

or  perhaps  slightly  longer.  Such  a  long  lifetime  would  be  unsuitable  for  a  real 
above-threshold  GRL  experiment  because  of  the  extremely  low  temperature  T  of 
the  nuclear  medium  that  would  be  needed  to  provide  a  sufficiently  high  line- width 
ratio  so  that  /5  ->  1 .  But  in  this  sub-threshold  experiment  a  ratio  fi  l  is  quite 
allowed.  So  for  certain  in  this  proof-of-principle  experiment  nuclides  may  not  be 
used  that  are  adequate  for  an  above-threshold  GRL  experiment.  Possibly  it  is  more 
preferable  now  to  choose  an  atom  that  is  known  to  be  suitable  for  laser  cooling. 

The  reliable  observation  of  two  different  atom  groups  separated  by  a  velocity 
displacement  Avz  would  be  a  convincing  proof  of  the  existence  of  the  hidden 
nuclear  population  inversion  arising  as  result  of  a  non -coherent  X-ray  pump. 

It  seems  that  this  observation  can  be  made  by  purely  optical  methods.  Crude 
estimates  according  to  Equations  (3)  and  ( 1 0)— ( 1 2)  show  that  the  necessary  optical 
spectral  resolution  lies  in  the  hundred  MHz  range.  This  figure  does  not  exceed  that 
achieved  with  precision  optical  spectroscopy.  But  it  should  be  taken  into  account 
that  for  the  spectral  measurements  only  the  atom  luminescence  radiation  can  be 
accepted  that  lies  within  a  small  solid  angle  around  the  ±z  axis;  because  the  task 
is  to  detect  the  Doppler  shift  in  just  these  directions.  So  the  useful  optical  photon 
flux  to  be  detected  shall  be  presumably  very  weak. 

For  this  reason  an  alternative  approach  may  possibly  be  more  efficient;  after 
pulsed  X-ray  pumping  the  beam  of  a  tunable  optical  laser  is  directed  along  the 
z  axis  and  excites  an  intense  atomic  luminescence  into  4 jt.  This  luminescence  is 
detected  by  photo-multipliers  surrounding  the  atom  medium.  A  tuned  laser  with 
a  radiation  line-width  smaller  than  Av^  (Equation  (12))  scans  the  Doppler-shifted 
atom  lines  and  serves  as  a  spectrum-analyzing  device.  The  atom  transition  excited 
by  the  laser  must  not  coincide  with  any  transition  used  for  the  laser  cooling  process. 
This  can  be  useful  to  filter  the  cooling  radiation  background.  It  is  possible  to  use 
the  cooling  transition  only  if  one  turns  off  the  cooling  laser  during  detection. 

As  a  by  no  means  optimal  example,  let  us  consider  the  nuclide  l79Ta73.  This 
isotope  has  an  exited  state  with  Eq  =  30.7  keV,  i\/2  =  1  -42  /is,  transition  multipo¬ 
larity  El  and  internal  electron  conversion  coefficient  a  —  4.6.  So  for  this  transition 
£rec  =  2.8  meV  and  Avz  —  50  m  s~*.  If  one  takes  7  =  10  mK,  then  v  —  1.1  ms"1 
and  the  condition  Avz  »  v  is  satisfied  as  well  as  the  inequality  (6):  0.1  <K  4.7. 
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Then  one  can  take  A t  —  A rx  =  150  ns  <<  t\ti  —  1420  ns.  The  concentration 
ratio  ni/n  \  —  10“n  may  be  achievable  if  one  uses  an  X-ray  source  with  a  brilliance 
of  jx  =  107  photon  per  (cm2  s  Hz).  And  finally  one  has  |  A  vopl |  ^  50  MHz  and  the 
optica]  spectra]  resolution  is  acceptable  because  Avupt/Avf  —  32  1 . 

If  one  would  like  to  use  nuclides  of  atoms  that  are  the  standard  objects  of  laser 
cooling  experiments,  the  following  ones  can  be  recommended: 

l29Cs55(£o  =  6.545  keV,  n/2  =  72  ns.  £2), 
i34Cs55  (£0  =  11.24  keV,  r]/2  =  46.6  ns,  M 1 ), 

S3Rb17  (£0  =  5.24  keV,  r,/2  =  46.6  ns,  Ml,  a  -  105!!), 

and  also  some  earth  alkali  metals.  The  possibility  of  using  new  methods  [4]  of  laser- 
cooling  would  greatly  free  the  search  for  suitable  atoms  for  the  present  experiment. 
With  a  suitable  optical  transition  one  can  probably  detect  about  100  atoms  or  maybe 
fewer  in  a  volume  of  1  cm3,  A  ratio  of  n2/n\  =  (10  9 — 1 0  1 1 )  then  corresponds 
to  a  required  initial  concentration  of  n{  —  (10u-10u)  cm-3  which  is  certainly 
possible  for  enriched  isotopes  or  for  isotopes  with  high  natural  abundance. 

Possibly  it  is  interesting  to  investigate  an  alternative  experimental  version  that 
completely  eliminates  the  need  for  laser  cooling.  This  consists  of  spectroscopic 
detection  of  the  velocity  of  the  recoiling  nucleus,  e.g.,  by  transverse  X-ray  illumi¬ 
nation  of  a  collimated  atomic  beam.  Collimation  can  easily  produce  an  effective 
"transverse  temperatures’5  of  1  K  or  less. 

The  bottom  line,  the  analysis  carried  out  here  shows  that  the  proposed  proof- 
of- principle  experiment  on  observation  of  a  hidden  nuclear  inversion  is  not  a  sim¬ 
ple  one,  but  looks  quite  realizable.  Such  a  precursive  experiment  is  extremely 
important  and  clearly  is  much  simpler  than  the  full-scale  above-threshold  GRL 
experiment  that  it  would  serve  to  motivate. 
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Abstract.  In  this  study,  the  production  yield  for  the  reaction  176Yb(^Bc,  o;3n)I78Hl'  was  explored 
using  the  FN  tandem  injected  superconducting  UNAC  at  SUN  Y  at  Stony  Brook  at  a  ® Be  energy  of 
65  McV.  By  comparing  the  ex  peri  mental  yield  of  178Hf  ground  state  y  rays  with  those  of  l8oW  as 
a  function  of  energy,  the  cross  section  for  production  of  the  incomplete  fusion  y  rays  in  178Hf  was 
evaluated.  Coincidence  measurements  were  made  to  get  information  about  the  population  strength  of 
the  high  spin  slates  in  17^Hf.  From  these  measurements,  the  maximum  cross  section  for  the  reaction 
1 76 Yb(9 Be,  a3n)178m2Hf  is  estimated  to  be  no  larger  than  5  mb. 

Key  words:  nuclear  isomer,  cross-sections,  fusion  reaction. 


1.  Introduction 

This  report  concerns  production  of  the  nuclear  isomer,  178m2Hf  (Hfm2),  for  ex¬ 
perimental  targets  and  as  an  energy-storage/energy-delivery  system  for  defense 
and  civilian  applications.  Nuclear  isomers  are  long  lived  (>  l  ns)  excited  states 
of  nuclei  that  release  their  excess  energy  by  electromagnetic  decay.  The  nuclear 
state  energy  densities  stored  in  some  isomers  are  103  to  104  times  higher  per  unit 
mass  1 09  J/g)  than  for  chemical  systems.  This  leads  directly  to  the  possible 
application  of  isomers  as  batteries  to  provide  useful  energy  in  space  or  battlefield 
operations  or  as  flash  discharge  devices  to  provide  an  intense  pulse  of  penetrating 
electromagnetic  radiation. 

The  majority  of  nuclides,  both  stable  and  radioactive,  have  isomeric  states, 
many  with  lifetimes  ranging  up  to  hundreds  or  even  thousands  of  years.  Transition 
energies  range  from  a  few  electron  volts  to  several  MeV,  High  spin  isomers  in  the 
mass  region  A  &  180  are  important  candidates  for  compact  energy  storage  systems 
because  they  have  long  lifetime  and  reasonably  high  energy  storage  per  nucleus. 
Isomers  in  this  region  are  deformed  nuclei  trapped  in  high  spin  states  that  are 
metastable  due  to  the  large  multipole  transition  required  for  their  electromagnetic 
decay  to  levels  at  lower  energy.  This  high  spin  state  of  the  isomer  also  inhibits 
the  reverse  process,  so  isomers  are  not  created  in  significant  quantity  by  direct 
absorption  transitions  from  the  ground  state.  The  use  of  isomers  for  high  density 
energy  storage  is  enhanced  by  the  theoretical  consideration  of  Af -mixing  in  excited 
nuclei  and  by  the  possibility  of  an  efficient  pumping  process  for  y  ray  lasers  [1-3]. 
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The  31  -year  metastable  state  in  178Hf,  which  is  designated  178m2Hf,  is  one  of 
the  most  promising  isomers  in  terms  of  half-life  and  energy  storage  per  nucleus 
(—2.446  MeV  =  1.3  gigajoules/gram)  [4],  This  isomer  has  been  the  subject  of 
much  study  over  the  past  10  years  due  to  its  possible  use  in  gamma-ray  lasers  and 
other  applications.  Although  some  samples  of  this  isomer  have  been  produced  and 
used  in  experiments  on  triggering,  enormous  difficulties  exist  in  the  methods  of 
178m2Hf  production. 

The  three  methods  that  have  been  employed  to  produce  I7Hm2Hf  isomer  are: 

1 .  Reactor-based  (n,  rf)  and  (n,  xn)  reactions  in  the  MTR  at  ORNL  [5,  6], 

2.  Beam-based  l76Yb(a,  2n)  and  176 Yb(9Be,  a 3n)  particle  beam  based  reactions  [7], 

3.  800  MeV  proton  spallation  on  thick  Ta  targets  [8]. 

Reactor-based  production  of  this  isomer  using  (n,  n;)  and  (n,  xn)  reactions  has 
the  potential  to  produce  useful  quantities  of  isomer  and  isotope  but  the  isomer  to 
ground  state  ratio  is  very  low  (—  \0~6).  This  means  that  after  production,  extraordi¬ 
nary  effort  is  needed  to  concentrate  the  isomer.  Beam-based  production  has  higher 
isomer-to-ground-state  ratio  (MO-2),  but  the  yield  is  low.  While  it  is  a  disadvan¬ 
tage  that  beam -based  methods  have  low  production  rates,  it  is  an  advantage  that 
the  parent  material  can  be  removed  by  chemical  methods  leaving  the  isomer,  the 
ground  state  and  whatever  other  isotopes  are  produced  present  in  proportion  to  the 
reaction  branching  ratio.  Thus,  beam-based  production  has  the  potential  to  yield 
much  higher  concentration  of  isomer  as  a  starting  point . 


2.  Method 

Two  key  issues  must  be  addressed  in  producing  the  31 -year  isomer  of  178Hf.  The 
first  one  is  to  find  stable  heavy  ion  (HI)  beams  and  targets  that  have  a  substantial 
probability  of  populating  the  I78Hf  channel;  the  second  is  to  ensure  the  reaction 
brings  in  sufficient  angular  momentum  to  populate  the  high-spin  lbr  isomer.  Al¬ 
though  HI  fusion  evaporation  reactions  have  large  cross  sections,  they  are  not  easily 
employed  to  produce  l7Sm2Hf.  178Hf  is  in  the  valley  of  stability,  so  only  the  (HI,  xn) 
channels  are  strongly  populated  because  of  the  difficulty  of  evaporating  charged 
particles  over  the  Coulomb  barrier.  Furthermore,  I  /hYb(cr,  2n),  the  only  stable 
Hi-target  combination  available  for  producing  1?8Hf  via  neutron  evaporation,  yields 
a  low  cross-section  to  the  1 6f  isomer  due  to  the  angular  momentum  limitations  of 
the  alpha,  when  optimizing  for  2n  evaporation. 

One  way  of  circumventing  this  difficulty  is  to  use  an  incomplete  fusion  reac¬ 
tion  [9]  where  a  massive  transfer  takes  place.  A  176Yb(9Be,  a3n)  reaction  can 
be  viewed  as  9 Be  breaking  up  into  an  alpha  4-  sHe  with  the  subsequent  fusion 
evaporation  reaction  l76YbCHe,  3n)  going  to  178Hf.  By  detecting  the  forward-going 
breakup  a,  the  subsequent  3n  evaporation  was  shown  to  bring  in  sufficient  angular 
momentum  to  populate  up  to  a  22+  member  of  a  band  that  feeds  into  the  16+  iso¬ 
mer.  Most  of  this  work  was  performed  at  a  9Be  energy  of  55  MeV;  the  energy 
limitation  of  the  accelerator  in  this  earlier  study  did  not  allow  an  optimization  of 
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the  isomer  production,  namely  to  maximize  the  (5He,  3n)  reaction  cross  section  at 
the  periphery  of  the  nucleus  where  the  breakup  takes  place  [9]. 


3.  Results 

In  this  study,  the  production  yield  for  the  reaction  l76Yb(9Be,  a3n)I78Hf  was  ex¬ 
plored  at  SUNY  at  Stony  Brook  using  the  FN  tandem  injected  superconducting 
LINAC  accelerator.  The  negative-ion  sputtering  source  was  optimized  to  produce 
JO  particle  nano-amperes  (pna)  beam  of  9Be.  An  excitation  function  from  50  to 
75  MeV  for  9Be  on  a  4  mg/cm2  (2  MeV  thick)  I76Yb  target  was  measured  with 
suppressed  Ge  detectors  and  pulsed  beam-y  timing  to  reduce  background  from  in¬ 
duced  radioactivity.  The  excitation  function  results  for  expected  fusion-evaporation 
reactions  were  consistent  with  CASCADE  calculations,  the  strongest  being 
176Yb(9Be,  5n)  producing  y  rays  in  I80W  and  with  the  18lW(4n)  and  179W(6n) 
increasing  at  the  low-  and  high-energy  range,  respectively.  The  CASCADE  calcu¬ 
lations  as  a  function  of  energy  are  shown  in  Figure  1 .  The  CASCADE  calculation 
for  the  176Yb(9Be,  a3n)  fusion  evaporation  to  I78Hf  is  expected  to  be  small  (see 
Figure  1).  Note  that  the  yield  of  l78Hf  from  the  incomplete  fusion  reaction  dis¬ 
cussed  above  is  not  included  in  Figure  1  because  it  cannot  be  calculated  with  the 
CASCADE  codes. 

By  comparing  the  experimental  yield  of  178  Hf  ground  state  y  rays  with  those 
of  l80W  as  a  function  of  energy,  the  cross  section  for  production  of  the  incomplete 
fusion  y  rays  in  178Hf  can  be  evaluated  because  the  cross  section  for  ,80W  is  known 
with  reasonable  accuracy  from  the  CASCADE  calculations.  The  excitation  results 
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CASCADE  fusion-evaporation  calculation 


Figure  1.  CASCADE  calculation  of  cross  sec  Lion, 
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Figure  2.  Hxcitaiion  function  shows  the  I78Hf  6f  — >  4"*"  measured  cross  section  in  milliharns. 
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Figure  3. 


178HF 

Partial  energy  levels  in  178Hf. 


for  the  326  keV  (isolated  in  singles)  6+  -»  4+  l78Hf-y  ray  are  shown  in  Figure  2, 
where  it  can  be  seen  that  the  incomplete  fusion  reaction  to  1  /8Hf  peaks  at  65  MeV. 

In  order  to  get  information  on  the  population  strength  at  high  spins,  and  in 
particular  to  the  16+  Hfm2  isomer,  it  was  necessary  to  make  coincidence  mea¬ 
surements  to  isolate  these  weaker  y- ray  transitions  between  the  high  spin  band 
members,  which  are  not  isolated  in  singles.  Partial  energy  levels  of  I78Hf  are  shown 
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Figure  4.  Coincidence  spectra  extracted  from  a  sorted  2-dimensional  coincidence  matrix  for  both 
178Hfusinga4+  2^  gate  on  Lhe  ground-state  transitions. 


in  Figure  3.  The  coincidence  measurements  were  carried  out  at  the  65  MeV  cross 
section  peak  using  the  Stony  Brook  array  of  suppressed  Ge  detectors  together  with 
a  fourteen-element  BGO  multiplicity  filter. 

The  coincidence  results  allow  a  comparison  of  the  population  at  higher  spin 
in  the  ground-state  bands  and  in  the  prompt  coincidences  for  the  357,  377,  397, 
417  keV  in-band  gamma  rays,  that  feed  the  31  y  16+  isomer  in  I78Hf.  Figure  4 
shows  the  coincidence  spectra  extracted  from  a  sorted  2-dimensional  coincidence 
matrix  for  178Hf  using  a  4+-2+  gate  on  the  ground-state  transitions.  This  spectrum 
illustrates  how  the  population  yield  drops  off  as  the  spin  increases.  The  relative 
yield  results  are  presented  in  Table  I.  From  the  efficiency  calibrated  coincidence 
matrix,  the  cross  sections  for  population  at  higher  spins  in  l78Hf  and,  in  particular 
to  the  band  feeding  the  16+  isomer,  can  be  evaluated  from  the  knowledge  of  the 
CASCADE  cross  sections  for  180W. 

Since  the  CASCADE  calculation  for  the  176Yb(9Be,  5n)  fusion  evaporation 
reaction  into  ,80W  at  65  MeV  is  1000  mb,  representing  the  population  at  the 
bottom  of  the  ground-state  band,  the  yield  of  the  18+-16+  ground-band  transi¬ 
tion  feeding  the  16+  level  is  approximately  20  times  less  or  50  mb.  Flowever,  for 
the  incomplete  fusion  reaction  to  178Hf,  the  yield  corresponds  to  approximately 
400  mb  at  the  bottom  of  the  ground  band  but  only  2  mb  for  the  18“t'-16+  ground- 
band  transition.  This  shows  that  the  incomplete  fusion  reaction  drops  off  in  yield 
considerably  faster  for  increased  angular  momentum  than  for  the  fusion  evapora¬ 
tion  reaction.  The  fact  that  the  a  breakup  occurs  at  the  periphery  where  the  ^He 
achieves  fusion  for  the  incomplete  fusion  reaction  has  not  improved  the  angular 
momentum  population  dependence  compared  to  9Be  where  the  fusion  takes  place 
at  all  impact  parameters  for  the  fusion  evaporation  reaction.  With  summing  gate 
techniques,  the  y-rays  feeding  the  16+  isomer  could  be  identified  with  the  fitted 
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Table  /.  Relative  yield 


Band 

Transition 

Intensity 

Error 

Band 

Transition 

Intensity 

Error 

ixow  ‘ 

i8+ —  ;6+ 

4.75 

0.29 

18+  16+ 

0.19 

0.12 

16+  — ►  14+ 

6.51 

0.34 

16+  14+ 

0.32 

0.15 

)4+  — .  12+ 

8.61 

0.42 

14+  -*•  12+ 

0.77 

0.18 

12+  ->  10+ 

12.15 

0.55 

12+  10+ 

2 

0.23 

10+  -»84 

17.16 

0.72 

10+  -<•  8+ 

3.52 

0.37 

8+  6+ 

22.08 

0.95 

8+  -»  6+ 

5.18 

0.39 

6+ —  4  + 

27.47 

1.24 

6+  ->  4+ 

7.47 

4+  — »  2+ 

107.38 

12.08 

4+  -*•  2+ 

42.34 

Band 

Transition 

Intensity 

Error 

178m2j_[|’ 

22+  —  20+ 

0.08 

0.21 

2t+  — *  19+ 

0.16 

0.42 

19+  17+ 

0.27 

0.28 

22  !  -+  21  + 

0.05 

0.25 

21  1  —  20+ 

0.27 

0.26 

20+—.  19+ 

0.2 

0.51 

19+  —  18+ 

0.36 

0.25 

18  1  -»  17  *■ 

0.91 

0.72 

intensities  from  the  coincidence  matrix.  This  analysis  reveals  large  uncertainties 
for  the  coincidence  yields  for  these  y-rays  due  to  weak  strengths,  significant  co¬ 
incidence  background  and  the  fact  that  the  coincidence  cascade  is  cut  off  at  the 
isomer.  Estimated  cross  sections,  extracted  from  these  uncertain  yields  to  the  3 1  - 
year  isomer,  appear  to  be  about  the  same  (a  few  mb)  as  that  for  feeding  the  16+ 
ground  state  member.  These  data  show  an  upper  limit  of  5  mb,  at  best.  Since  both 
bands  in  17SHf  involve  the  same  angular  momentum  requirements,  similar  yields 
are  expected. 


4.  Conclusion 

In  conclusion,  the  yields  as  a  function  of  angular  momentum  for  the  incomplete 
fusion  reaction  to  178Hf  drop  off  in  such  a  way  that  that  the  high  spin  states  above 
16J  are  weakly  populated,  even  though  the  low-spin  ground-state  transitions  have 
reasonable  cross  sections.  The  cross  section  for  the  production  of  the  3 1 -year  16+ 
isomer  in  178Hf,  even  at  the  65  MeV  peak  of  the  cross  section  discovered  in  these 
studies,  is  only  a  few  mb  and  an  upper  limit  of  5  mb. 
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Abstract  Nuclear  isomers  can  be  used  for  the  storage  and  release  of  “clean'5  nuclear  energy  and 
several  triggering  schemes  have  been  discussed.  Here  the  possibility  to  utilize  resonance  between 
atomic  and  nuclear  transitions  in  the  form  of  a  hybridization  of  atomic-nuclear  excitation  is  con¬ 
sidered.  Several  isotopes  and  specific  nuclear  levels  are  identified  as  candidates  for  triggering  via 
atomic  transitions.  A  variety  of  ionization  states  and  atomic-shell  configurations  arises  in  a  hot 
plasma  generated  by  short  high- power  pulses  of  laser  light.  The  non-rad iative  conversion  of  the 
ionization  energy  within  an  atom  can  be  suppressed  in  the  hot  plasma  surroundings.  The  time  scales 
of  different  processes  in  nuclear,  atomic  and  condensed- mailer  subsystems  are  compared  and  the 
fast  ionization  in  a  solid.  X-ray  radiance  in  a  plasma,  and  sample  melting  and  recrystallization  may 
precede  nuclear  fluorescence.  A  time  scale  shorter  than  0. 1  ns  makes  this  sequence  promising  for  ihc 
collective  excitation  of  short-lived  modes  in  a  nuclear  subsystem. 

Key  words:  laser  pulse,  solid,  ionization,  characteristic  transition,  nuclear  excitation,  ablation,  re- 
crystailization.  fluorescence,  lime  scale. 


1.  Introduction 

A  triggered  release  of  isomer  energy  would  be  very  attractive  for  the  production  of 
a  source  capable  of  emitting  powerful  pulses  of  radiation  in  the  gamma-ray  range. 
For  example,  self-stimulation  of  an  isomeric  transition  could  create  a  gamma-ray 
laser  and  such  a  device  might  also  be  possible  using  a  triggered  energy  release  as 
a  precursive  step  to  the  lasing  transition.  There  are,  however,  many  problems  to  be 
solved  since  significant  barriers  are  already  well-known  in  the  variants  proposed  for 
reaJizing  a  gamma-ray  laser.  The  current  status  and  issues  related  to  the  problem 
of  nuclear  isomer  triggering  by  X-ray  radiation  has  recently  been  reviewed  in  [1]. 
Also,  a  list  of  long-lived  nuclear  isomeric  states  has  been  given  in  [2]  and  new 
candidates  for  a  triggered  energy  release  have  been  discussed. 

In  the  literature,  many  mechanisms  of  nuclear  excitation  by  changes  in  elec¬ 
tron  configuration  were  proposed  in  addition  to  the  straightforward  process  of 
resonance  photon  absorption.  Among  them  are: 

•  nuclear  excitation  by  electron  transition  (NEET), 

•  nuclear  excitation  by  electron  capture  (NEEC),  and 
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•  laser-assisted  NEET  and  electron  bridge  mechanisms. 

Some  valuable  experiments  and  theoretical  analyses  performed  in  this  field  can 
be  cited  [3-14],  but  to  this  point  the  overall  progress  has  been  limited.  Thus, 
continued  efforts  to  find  the  best  physical  mechanism  for  nuclear  level  excitation 
(triggering)  and  suggestions  of  new  experimental  schemes  are  still  relevant.  The 
nuclides  18lTa ,  193Pt,  20IHg,  205Pb,  229Th  and  235 U  were  proposed  in  [5,  9,  13]  to 
be  the  best  candidates  for  nuclear  excitation  by  X-ray  photons  with  Ex  <  7  keV 
in  a  plasma.  Here  we  will  discuss  other  nuclei,  in  particular  the  242  Amm  long-lived 
isomer  (7j/2  =  141  y).  These  isotopes  were  selected  based  on  their  parameters  of 
long  lifetime  (or  stability),  high  production  cross-section  (if  radioactive)  and  low 
multipolarity  of  the  excited  transition,  such  as  Ml,  El  or  E2. 

The  efficiency  of  energy  transfer  from  atomic  to  a  nuclear  subsystem  is  defined 
not  only  by  the  microscopic  properties  of  atomic  and  nuclear  levels,  but  also  by  the 
state  of  the  host  substance  containing  the  atoms  and  their  nuclei.  Recently,  new  ex¬ 
perimental  results  have  been  obtained  on  the  time  scale  of  the  desorption  of  atoms 
from  a  solid  surface  to  the  ablation-cloud  after  a  powerful  femtosecond  pulse  of 
laser  light  [15]  and  on  the  subsequent  relaxation  of  the  solid  sample  (crystal)  [16]. 


2.  Processes  in  laser  plasma 

It  is  known  that  the  interaction  of  a  TeraWatt  laser  pulse  with  solid  matter  immedi¬ 
ately  generates  an  induced  oscillation  of  electrons  at  the  frequency  of  the  laser  light. 
This  collective  excitation  of  the  electronic  subsystem  then  decays  via  an  energy 
transfer  to  highly-excited  atomic  states  and/or  deep  ionization  of  the  atomic  shells. 
The  nuclear  subsystem  can  also  be  perturbed  because  of  the  interaction  with  fast 
electrons,  characteristic  X-rays,  bremsstrahlung  or  black-body  radiation.  K  and  L 
electrons  can  be  ejected  from  heavy  atoms  with  the  created  vacancies  serving  as 
a  source  of  characteristic  photons  with  an  energy  useful  for  excitation  of  some 
specific  nuclear  states. 

The  excitation  of  nuclear  levels  in  201  Hg  and  I8ITa  isotopes  by  exposure  to 
plasma  radiation  created  by  short  laser  pulses  was  tested  in  [3-5]  and  the  utility  of 
this  concept  was  supported  experimentally.  A  device  for  laser  pumping  of  nuclear 
levels  using  this  approach  can,  in  principle,  be  small  and  simple  in  configuration. 
One  possible  scheme  is  shown  in  Figure  1  in  which  a  focused  laser  beam  creates  a 
high-power  density  spot  on  the  sample  surface.  The  cross-sectional  size  of  the  spot 
can  be  as  small  as  100  ^m.  Excited  electrons  leave  their  atoms  immediately  and 
the  solid  matter  is  quickly  transformed  into  a  dense  plasma  of  ionized  atoms.  Other 
radiation  processes  also  develop  rapidly  and  desorption  of  atoms  to  the  vacuum 
and  thermal  ablation  follow.  Finally,  the  hot  spot  is  recrystallized  and  at  the  end  the 
ablation  cloud  is  deposited  onto  the  sample  and  surrounding  surfaces. 

The  time  scales  of  different  processes  are  given  in  Table  I.  The  relaxation  of 
solid  matter  after  the  pulsed  release  of  energy  has  been  studied  recently  in  [15,  16] 
for  the  case  of  femtosecond  pulses  of  laser-light  incident  on  metal  and  semicon- 
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Figure  l.  Schematic  illustration  of  the  nuclear  level  pumping  by  laser  pulse. 


Table  /.  Time  scales  of  different  processes  induced  by  a  powerful 
laser  pulse  in  a  solid 


Process 

Time  scale  |sec| 

1.  Glee  iron-gas  excitation 

2,  X-ray  emission  past  ionization 

—  U)-16-10-  ,  s 

3.  Ablation  due  to  superthreshold  power: 

(a)  Hast  desorption; 

~2  •  itr14 

(a)  Temperature  mechanism 

io“,2-icr" 

4.  RccrystaJlization  of  melted  layer 

ur1  i-io-i0 

5,  Nuclear  fluorescence: 

(including  conversion) 

(a)  Collective  E2  at  Ey  >  SO  keV; 

<m-'0 

(b)  Single-particle  131  at  Ey  >  50  keV 

<2  10~ 10 

6.  Condensation  of  the  ablation  cloud 

~10“® 

ductor  samples.  It  was  found  that  all  processes  develop  very  rapidly  and  the  solid 
is  recrystallized  within  100  ps.  It  is  important  to  stress  here  a  similar  time  scale 
characterizes  pulsed  energy  release  in  solids  due  to  an  entirely  different  process 
[17,  18].  High-energy  heavy  ions  may  deposit  a  large  amount  of  energy  within  the 
limited  volume  of  a  nuclear  track  in  a  solid.  The  electronic  medium  is  immediately 
excited,  the  same  as  in  the  case  of  the  laser  pulse,  and  then  a  relaxation  process 
follows.  It  was  shown  experimentally  [17,  18]  that  in  perfect  crystals  recrystalliza¬ 
tion  is  probably  one  of  the  final  stages,  yet  it  occurs  within  a  time  scale  of  100  ps. 
This  strong  similarity  in  time  scales  is  definitely  not  a  coincidence,  but  confirms 
the  general  properties  of  processes  in  a  solid  after  a  pulsed  energy  release. 

The  time  scale  of  nuclear  fluorescence  is  defined  by  the  lifetime  of  an  excited 
level  and  can  be  estimated  using  standard  systematics  for  the  strength  of  nuclear 
electromagnetic  transitions.  As  is  clear  in  Table  I,  the  decay  time  of  the  nuclear 
level  is  typically  longer  than  the  time  scales  of  all  other  processes  in  the  atomic 
and  solid  subsystems.  Even  recrystallization  of  a  solid  may  happen  before  nuclear 
fluorescence  events  happen.  Thus,  nuclear  radiance  takes  place  from  within  solid 
surroundings  and  this  is  favorable  for  lasing. 
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Such  a  situation  permits  the  occurrence  of  other  attractive  properties  (discussed 
in  [3-5])  for  the  scheme  that  employs  laser  pulses  to  pump  a  hypothetical  y-ray 
laser  on  nuclear  levels.  However,  it  is  necessary  to  also  discuss  some  disadvantages 
of  the  scheme  depicted  in  Figure  1 : 

1 .  Some  number  of  excited  nuclei  might  be  released  into  the  gas  phase  due  to 
ablation  of  atoms  from  the  exposed  surface.  As  long  a  time  as  about  10  ns  is 
required  for  condensation  of  the  ablation  cloud  back  to  the  surrounding  solid 
surfaces.  Nuclear  levels  may  be  longer-lived,  but  for  them  the  probability  of 
excitation  is  decreased  by  their  narrow  widths.  For  levels  with  an  optimum 
lifetime  of  about  100  ps,  the  efficiency  of  radiance  in  a  solid  will  be  reduced 
because  of  the  losses  of  excited  nuclei  to  the  gas  phase.  A  compromise  can 
be  found  by  the  choice  of  the  optimum  surface  power  density  for  the  laser. 
The  rate  of  ablation  can  be  reduced  while  the  total  number  of  excited  nuclei  is 
conserved.  The  full  energy  of  the  laser  pulse  can  be  distributed  over  larger  area 
at  the  surface. 

2.  The  resonance  tuning  between  nuclear  and  atomic  resonators  cannot  be  perfect 
even  when  both  frequencies  coincide.  The  width  of  an  atomic  resonance  is 
typically  much  larger  than  the  nuclear  one  because  of  the  orders-of-magnitude 
different  lifetimes  of  the  atomic  and  nuclear  states. 

These  factors  lead  to  a  low  value  of  the  “Q-factor”  corresponding  to  the  res¬ 
onance  between  nuclear  and  atomic  modes.  Such  a  situation  has  been  con  finned 
recently  in  direct  measurements  of  the  probability  of  the  NEET  process  obtained  in 
the  synchrotron-radiation  experiment  of  [14].  The  nuclear  transition  3/2+  — ►  l/2+ 
with  E  =  77.351  keV  in  l97Au  was  excited  by  nuclear  conversion  of  the  atomic 
Ml  — ►  K  transition  after  -vacancy  ionization.  The  difference  in  energy  was  only 
51  eV,  and  this  was  comparable  with  the  total  width  of  the  -vacancy  state.  The 
probability  of  NEET  was  found  to  be  5  •  10-8,  being  similar  to  the  width  ratio 
for  nuclear  and  atomic  states,  Fn/ra.  The  nuclear  transition  lifetime  is  known 
experimentally  to  be  2.76  ns  and  the  atomic  level  width  can  be  taken  from  the 
systematics  of  [19]. 

The  mismatch  of  widths  suppresses  not  only  the  NEET  probability  but  also  the 
integrated  cross-section  for  the  resonance  photon  absorption.  This  fundamental  ef¬ 
fect  reduces  the  nuclear  excitation  probability  and  cannot  be  completely  cancelled. 
It  is  only  possible  to  discuss  some  modestly  palliative  options.  The  lifetime  of  an 
atomic  transition  is  normally  increased  for  lower-energy  characteristic  photons, 
the  same  as  for  nuclear  transitions.  One  may  suppose  that  vacancies  in  the  M  shell 
should  be  much  longer- lived  than  K  and  L  vacancies,  and  this  would  seem  promis¬ 
ing  to  reach  comparable  magnitudes  for  the  atomic  and  nuclear  widths.  In  fact, 
this  is  not  the  case.  For  characteristic  energies  below  15  keV,  the  radiative  width 
decreases  until  it  is  lower  than  the  width  of  the  intrinsic  conversion  of  the  transition 
energy  within  atomic  shell  through  the  Auger  and  Coster-Kronig  processes.  The 
total  width  then  primarily  due  to  the  latter  two  processes,  and  the  fluorescence  yield 
of  X-ray  photons  will  be  much  less  than  I .  Thus,  the  resonance  photon  excitation 


POSSIBILITY  OF  COMBINING  NUCLEAR  LEVINE  PUMPING  IN  A  PLASMA 


73 


process  is  suppressed  not  only  due  to  the  widths  mismatch,  but  also  directly  due  to 
the  low  yield  of  characteristic  photons. 

In  a  plasma,  atoms  are  strongly  ionized  and  the  maximum  of  the  charge-state 
distribution  corresponds  to  values  of  q  —  10-30,  dependent  on  the  plasma  tem¬ 
perature  [9].  This  wide  charge-state  distribution  creates  a  series  of  characteristic 
X-ray  energies  that  deviate  from  the  standard  ones  known  for  a  single  vacancy, 
and  this  is  helpful  for  exact  tuning  of  the  atomic  and  nuclear  transition  energies. 
On  the  other  hand,  the  high  stage  of  ionization  should  be  effective  in  suppressing 
the  probability  of  the  Auger  and  Coster-Kronig  processes  for  soft  characteristic 
transitions  with  Ex  ^  10  keV  in  strongly  ionized  heavy  atoms.  The  total  width  of 
the  atomic  resonance  is  correspondingly  decreased  and  the  relative  probability  of 
radiative  processes  is  thereby  increased.  Both  effects  are  useful  for  the  nuclear  con¬ 
version  of  atomic  excitation.  Thus,  one  can  anticipate  that  in  plasma  surroundings, 
even  M  vacancies  might  be  active  for  the  production  of  characteristic  lines  and  for 
the  resonance  excitation  of  a  nuclear  transition  via  photon  absorption  and  NEET 
processes. 

The  possibility  of  suppressing  electron  conversion  of  nuclear  y  rays  in  a  hot 
plasma  was  discussed  in  [4].  This  effect  increases  the  contribution  of  the  radiative 
width  to  the  total  width  of  a  nuclear  level  (decreasing  the  conversion  coefficient), 
and  it  can  be  useful  in  some  schemes  of  nuclear  level  pumping  and  radiance.  In 
addition,  the  possibility  to  use  the  electron  conversion  of  nuclear  radiation  for  the 
separation  of  some  specific  nuclear  states  in  a  multilevel  scheme  has  also  been 
proposed  in  [4], 

At  present,  however,  we  will  stress  that  the  hot  plasma  may  serve  as  a  tool 
for  the  suppression  of  the  nonradiative  conversion  of  the  ionization  energy  within 
atom.  This  way  the  efficiency  of  energy  transfer  from  an  atomic  to  a  nuclear  mode 
can  be  significantly  increased. 

When  nuclear  and  atomic  transitions  have  the  same  energy  and  multipolarity, 
the  hybridization  of  atomic-nuclear  components  is  possible.  The  special  wave  func¬ 
tion  of  the  hybrid  state  includes  such  peculiarities  as:  beating  in  amplitude  of  the 
two  modes  with  repumping  of  the  energy,  retardation  in  the  decay  time  of  both 
modes,  nonexponential  decay  low,  etc.  As  a  result,  the  conversion  of  energy  within 
the  atom  may  be  additionally  suppressed,  and  the  nuclear  conversion  of  an  electron 
transition  may  be  enhanced.  Such  a  hybridization  was  discussed  in  [20].  Finally, 
one  can  conclude  that  some  processes  exist  that  allow  resonance  energy  transfer 
from  atom  ionization  to  nuclear  excitation,  despite  the  fact  the  atomic-nuclear 
resonance  is  not  originally  a  very  sharp  resonance. 


3.  Candidates  for  the  atomic-nuclear  resonance 

A  fortunate  similarity  in  energies  of  atomic  and  nuclear  transitions  can  be  found  for 
some  isotopes  as  listed  in  Table  II.  Resonance  photon  excitation  of  a  nuclear  level 
requires  only  the  appropriate  value  of  photon  energy  while  multipolarity  matching 
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Table  //.  Resonance  between  nuclear  and  atomic  transitions  and  possible  mechanism  of  excitation: 
PH  -  photoexcitation,  NEET  -  nuclear  excitation  by  electron  transition 


Nuclide 

rl/2 

Nuclear 

transition 

E* 

(kcV) 

Electron 

transition 

Ex 

(keV) 

Discussed 

in  Ref. 

Mechanism 

«*Tc 

4.2  •  l()6 

6+  5+ 

21.8 

/V!  K 

20.98 

[20] 

PE  and  NEET 

y 

M 1  and  B2 

Ml 

N\  v  — *  K 

E2 

21.04 

NEET  and  PE 

1MRu 

39.3  d 

2/2+  -»•  5/2+ 

2.81 

Miv  L\ 

2.94 

[20] 

PE  and  NEET 

Ml  and  B2 

E2 

M\\  ->  L\ 

2.74 

PE 

HI 

M\  >  CT 

2.64 

NEET  and  PE 

Ml 

161  Dy 

Stable 

5/2+  5/2“ 

25.652 

Sn 

25.28 

[21] 

PE 

E1 

Cm  -►  K 

El 

ISITa 

Stable 

7/2+  9/2- 

6.238 

-»■  Cm 

7.17 

14 1 

PE  and  NEET 

El 

El 

l890s 

Stable 

3/2”  5/2~“ 

69.537 

M\  ->  K 

70.82 

[22] 

PE  and  NEET 

M  I  and  B2 

Ml 

197Au 

Stable 

3/2+  1  /2+ 

77.351 

M\->  K 

77.300 

[I4| 

NEET  and  PE 

Ml  and  B2 

Ml 

7  10s  y 

7/2“  1/2+ 

0.0768 

Plasma 

Continuous 

[91 

PE 

G3 

radiation 

spectrum 

242Amm 

141  y 

5-  3“ 

4.30 

Cm  ->  LU 

4.44 

[20! 

PH  and  NEET 

E2 

Ml  and  E2 

N\i  M\\ 

4.30 

PE 

MI 

N\j\\  ->  M\\\ 

4.24 

NEET  and  PE 

E2 

has  no  significance.  Photons  to  be  absorbed  can  even  be  emitted  by  an  atom  of 
another  element  present  in  the  sample  to  form  a  catalyzing  admixture.  This  kind 
example  was  proposed  in  [21  ]  for  the  transition  in  the  161  Dy  nucleus  excited  by  the 
Sn  K  X  ray  with  appropriate  energy.  A  higher  efficiency,  however,  must  be  reached 
when  the  characteristic  X-ray  energy  is  absorbed  by  the  nucleus  within  the  same 
atom. 
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The  NEET  process  appears  when  both  the  energy  and  multipolarity  of  atomic 
and  nuclear  transitions  are  identical.  In  definition,  NEET  happens  only  within  an 
individual  atom-nucleus  system.  The  examples  of  probable  NEET  manifestation 
are  reduced  in  Table  II,  and  among  them  is  the  case  of  I97Au  realized  recently  in 
the  experiment  of  [14]. 

In  Table  II  the  difference  in  the  energy  of  atomic  and  nuclear  transitions  ap¬ 
pears  to  be  not  very  small,  in  some  cases  being  about  1  keV.  But  one  must  re¬ 
member  that  atomic  transition  energies  Ex  are  given  for  the  single  vacancy  atom 
and  this  value  will  be  different  for  each  individual  ionization  state  of  the  ion.  In 
a  hot  plasma,  a  wide  distribution  of  charge  states  arises  and  a  series  of  atomic 
terms  corresponds  to  them.  Thus  better  conditions  for  an  atomic-nuclear  reso¬ 
nance  may  be  created  in  a  plasma  and  tuned  by  a  variation  of  plasma  tempera¬ 
ture. 

The  long-lived  242 Am™  isomeric  state  with  /*  =  5“  seems  to  be  a  nucleus 
of  special  interest.  Triggering  via  the  E2  transition  to  3  '  state  at  52.9  keV  re¬ 
leases  the  energy  stored  in  the  form  of  isomeric  excitation.  The  specific  energy 
stored  in  a  242 Am™  sample  may  be  as  high  as  20  MJ/g.  Resonance  triggering  of 
j42Amm  requires  a  transition  energy  of  (4.30  ±  0.05)  keV  that  can  be  supplied 
by  an  atomic  transition  in  the  Am  atom  -  as  many  as  three  transitions  have  the 
appropriate  energy.  Photon  absorption  and  NEET  mechanisms  both  are  possible, 
because  the  multipolarities  can  be  also  identical.  The  quantitative  parameters  are 
given  in  Table  II. 

In  addition  to  the  unknown  strength  of  the  nuclear  transition  in  242 Am,  another 
problem  has  been  visible  that  is  connected  with  the  rather  low  energy  of  the  atomic 
transition,  of  about  4.3  keV.  As  is  known,  Auger  and  Coster-Kronig  conversion 
dominates  at  such  energies  and  the  efficiency  of  energy  transfer  to  the  nuclear 
subsystem  should  be  reduced.  Fortunately,  as  we  discussed  above,  the  hot  plasma 
condition  suppresses  the  rate  of  Auger  and  Coster-Kronig  processes.  Thus,  even 
an  M  vacancy  in  a  heavy  atom  may  have  a  noticeable  fluorescence  yield  and  the 
nuclear  conversion  of  the  atomic  transition  is  not  suppressed.  Thus,  the  triggering 
of  the  242  Am  isomer  remains  one  the  best  possibilities  for  pulsed  release  of  “clean” 
nuclear  energy  and  the  observation  of  242Amin  triggering  is^one  of  the  challenges 
of  modern  experimental  physics. 

In  [2],  we  proposed  the  242Arnm  and  177Lum  isomers  as  new  candidates  for 
triggered  release  of  energy,  in  addition  to  the  earlier  discussed  Hf  isomers.  Both 
nuclides  are  radioactive  and  can  be  produced  with  high  yield  in  the  reactors.  The 
242Amm  isomer  is  normally  accumulated  in  used  reactor  fuel  as  one  of  the  ra¬ 
dioactive  products  due  to  multiple  neutron  capture  process.  For  1,  ;Lum  production, 
one  has  to  expose  in  a  neutron  flux  a  special  target  made  of  the  enriched  1?6Lu 
isotope.  The  lifetime  of  177 Lum  (7[/2  —  161  d)  does  not  allow  this  material  to 
remain  ready  for  years  after  production  for  experiments.  Thus,  experiments  with 
I77Lum  can  be  performed  only  if  some  standard  or  high -flux  reactor,  as  well  as 
the  laboratories  for  chemical  isolation  and  mass-separation  of  radioactive  prod- 
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ucts,  are  available.  Such  requirements  restrict  the  choice  of  institutions  capable  of 
developing  an  experimental  program  with  177Luin. 

On  the  other  hand,  I77Lum  stores  20  times  larger  specific  energy  per  nucleus 
than  242 Am™,  and  once  triggered  it  will  emit  this  energy  in  the  form  of  short-wave 
y  radiation  in  the  range  of  100-200  keV.  Because  of  the  advantageous  proper¬ 
ties  of  177Lum,  we  try  to  determine  whether  triggering  is  promising  by  X-ray  and 
synchrotron  radiation. 

The  level  scheme  of  177Lu  is  not  yet  well-developed.  Two  rotational  yrast  bands 
with  KK  —  7/2+  and  9/2“  are  known,  and  the  19/2+  and  19/2“  members  of  these 
bands  lie  at  an  excitation  energy  of  1093  and  1073  keV,  respectively.  The  isomeric 
state  l77Lum  with  Kn  =  23/2“  has  the  excitation  energy  of  970  keV.  One  may 
assume  possible  triggering  via  an  E2  transition  with  an  energy  of  1 03  keV  from  the 
23/2“  to  19/2“  levels.  Unfortunately,  this  transition  would  be  strongly  hindered  by 
the  K  quantum  number,  because  of  a  degree  of  K  forbiddenness  =  (A K  —  X)~5. 
Despite  this,  one  may  discuss  that  the  A'-mixed  component  of  the  wavefunction  has 
a  noticeable  amplitude  for  the  6th  level  of  the  KK  —  9/2“  band  with  /  =  19/2. 
A  comparison  with  the  neighboring  176Lu  is  reasonable  and  can  be  productive  since 
it  has  been  much  better  studied  than  l77Lu  as  far  as  level  spectroscopy. 

A  fragment  of  the  176Lu  level  scheme  is  shown  in  Figure  2.  The  nearly  stable 
ground  state  has  KK  —  7“  and  the  short-lived  (73/2  =  3.7  h)  isomer  with  =  1 " 
lies  at  123  keV.  So,  there  are  two  systems  of  levels  with  high  and  low  K  values. 
They  can  be  coupled  only  via  some  mediating  levels  possessing  a  special  X-mixed 
wavefunction.  Such  levels  do  exist,  as  was  shown  in  the  experiments  of  [23-25]. 
In  [23],  the  1“  isomer  was  excited  in  irradiations  of  the  I76Lu  target  by  intense 
radioisotope  y  radiation  of  60Co  and  137Cs  sources.  The  monoenergetic  y -radiation 
of  137Cs  consists  of  662  keV  photons,  and  successful  population  of  the  1“  isomer 
shows  the  presence  of  some  /f -mixed  level  at  an  energy  below  662  keV.  The  spec¬ 
troscopic  identification  of  this  level  has  not  yet  been  successful.  However,  in  [25] 
a  level  with  /,  KK  =  5,  4“  at  838  keV  was  definitely  recognized  as  a  mediating 
level  between  K  =  !  and  K  =  1  levels. 


1  2  f ,  1515 
5/  838 

7"  0 


E2 


AK  =  3 


3.7  .  1 010 y 
ground  state 
K  =  7 


3.7  h 
isomer 

K  =■-  1 


10+, 1159 


l'.  123 


Figure  2.  Mediating  levels  in  I76Lu,  as  ean  be  deduced  from  [24,  25 1,  Energies  of  levels  are  given 
in  keV. 
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Even  more  exotic  properties  have  been  found  in  [24]  for  the  transition  from  the 
/,  Kn  =  12,  12+  isomeric  state  at  1515  keV  to  the  /,  Kn  —  10,  4+  rotational  state 
at  ]  1 59  keV.  This  transition  should  be  strongly  # -hindered,  with  (A  K  —X)  —  6,  but 
in  experiments  a  rather  low  reduced  hindrance  factor  has  been  found,  meaning  that 
the  wavefunctions  of  the  high-#  isomeric  state  and  the  low-#  rotational  level  are 
mixed.  This  is  important  for  proposed  triggering  of  the  I77Lu  isomer.  If  the  prop¬ 
erties  of  1/0Lu  and  177Lu  nuclei  are  similar,  one  may  expect  a  successful  I77Lum 
triggering  by  synchrotron  radiation.  An  experimental  test  would  be  intriguing  and 
feasible. 

To  summarize,  the  time  scale  of  different  processes  after  pulsed  release  of 
energy  are  compared,  and  the  typical  time  of  nuclear  fluorescence  appears  to  be 
longer  the  atomic  and  solid  relaxation  processes.  The  possibility  of  nuclear  radi¬ 
ance  in  solid  surroundings  after  sample  recrystallization  is  promising  for  lasing 
of  nuclear  y  rays.  Nuclear  excitation  in  a  hot  dense  plasma  via  the  resonance 
between  atomic  and  nuclear  transitions  also  possesses  some  attractive  properties. 
Among  them  are  the  suppression  of  Auger  and  Coster-Kronig  conversion  of  the 
ionization  energy,  the  shift  of  the  characteristic  energies  of  the  atomic  levels,  de¬ 
pendent  on  a  charge  state,  and  possible  hybridization  of  the  atomic-nuclear  wave 
functions.  The  discussed  processes  may  be  useful  for  increasing  the  efficiency  of 
nuclear  excitation  by  a  laser  pulse.  The  nuclear  state  candidates  for  the  pumping 
by  atomic  transitions  are  characterized.  Among  these  are  also  promising  candidates 
for  triggered  release  of  stored  nuclear  energy. 
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Abstract,  Preliminary  survey  experiments  have  been  performed  to  examine  the  triggering  of  gamma 
emisvsion  from  the  31-year  Hf-I78m2  isomer  using  intense  monochromatic  synchrotron  radiation 
from  the  X15A  beamline  at  the  National  Synchrotron  Light  Source  at  Brookhaven  National  Labora¬ 
tory.  Initial  studies  were  performed  to  probe  incident  photon  energies  over  the  L  \ .  Lj,  and  L 3  X-ray 
edges  of  Hf  and  the  12-13  keV  range.  Resonances  larger  than  the  experimental  minimum  detectable 
level  of  10  2>  ern^  keV  were  not  observed. 

Key  words:  Hf-I78m2,  nuclear  isomer,  isomer  triggering,  synchrotron  radiation,  gamma  spectroscopy. 

In  1 999  Roberts  and  Carroll  with  Collins  et  cd.  [1]  reported  an  accelerated  emission 
from  the  31-year  isomer  of  Hf-178m2  when  pumped  by  a  low  intensity  brem- 
strahlung  X-ray  source  with  an  end  point  energy  of  90  keV.  An  effect  on  the  order 
of  4%  was  reported.  This  resulted  in  a  rather  large  estimate  of  the  integrated  cross 
section  on  the  order  of  10~21  cm2  keV.  In  a  follow-up  experiment,  Collins  et  al.  [2] 
reported  similar  results  but  with  the  estimated  integrated  cross  section  somewhat 
reduced.  In  2001  Ahmad  et  al.  [3]  reported  observing  no  acceleration  of  emission 
using  the  same  isomer,  albeit  more  robustly  packaged,  when  pumping  with  an 
intense  synchrotron  white  beam.  Additional  synchrotron  experiments  by  Roberts 
et  al.  are  reported  herein  in  which  a  monochromatic  synchrotron  radiation  beam 
is  used  as  the  pumping  source  for  Hf-178m2.  The  pumping  energy  was  varied  to 
cover  several  regions  of  interest  in  the  range  of  9.5-13.5  keV.  All  these  various 
experiments  [1-3]  and  the  experiments  reported  herein  used  source  material  for 
the  Hf-178m2  isomer  obtained  from  a  common  Ta  target  used  in  1980  as  a  target 
for  a  long  duration  proton  irradiation  at  the  Los  Alamos  Meson  Production  Facility, 
LAMPF. 

The  target  used.  Figure  J,  contained  approximately  1.8  x  1013  nuclei  of  the 
Hf-178m2  isomer  along  with  ground  state  Hf-178  and  the  shorter-lived  Hf-172  and 
its  Lu-J72  daughter  in  secular  equilibrium.  The  source  was  prepared  by  deposition 
as  the  oxide  evaporated  from  a  solution  of  the  hafnium  in  hydrochloric  acid.  The  ra¬ 
tio  of  Hf-178  to  Hf-178m2  and  Hf-172  was  approximately  2000  :  1 .  The  Hf-178m2 
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Figure  l.  HlM78m2  target. 


Figure  2,  The  X 15A  monochromator  housing. 


and  the  Hf-172  were  in  a  ratio  of  approximately  10  :  1.  The  thin  planar  source 
was  dry  encapsulated  in  polycarbonate  plastic.  The  total  planar  source  deposition 
region  was  approximately  3  mm  diameter,  and  essentially  circular  in  form.  The 
polycarbonate  substrate  and  cover  lid  were  each  0.48  mm  in  thickness. 

This  sample  was  irradiated  in  the  X15A  beamline  of  the  National  Synchrotron 
Light  Source  in  a  series  of  ten  experiments  conducted  during  a  one  week  time- 
frame.  The  X15A  output  was  passed  through  a  silicon  perfect  crystal  monochro¬ 
mator  using  [111]  reflection  and  lead  aperture  [4],  as  shown  in  Figure  2.  The  beam 
at  the  target  was  a  2  x  5  mm  rectangle  well  centered  on  the  3  mm  isomer  deposition. 
The  target  was  placed  at  a  45  degree  angle  to  the  beam  axis  to  facilitate  monitoring 
of  target  emission  by  a  nearby  HPGe  detector.  Figure  3  shows  the  experimental 
arrangement  of  the  target  and  its  drive  stage  with  respect  to  the  beam,  ion  chambers, 
and  HPGe  detector.  Initial  beam  centering  on  the  target  was  con  finned  visually 
using  photo  paper  placed  over  the  target.  The  target  was  then  centered  in  the  beam 
both  vertically  and  horizontally  by  detecting  the  La  edge  absorption  for  Hf  with 
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Figure  4.  X15A  beamline  characteristics. 


a  post-target  ionization  chamber  through  which  the  beam  was  passed  before  the 
final  beam  stop  in  the  radiation  hutch.  The  absorption  edge  was  maximized  by 
fine  positioning  using  stepper  motor  actuators  on  the  target  mount  to  center  the 
target  for  maximum  absorption.  The  beam  was  also  monitored  by  a  pre- target 
ionization  chamber  placed  between  the  monochromator  outlet  aperture  and  the 
target.  The  flux  of  the  beam  over  the  range  of  energies  used  (9.5-13.5  keV)  was 
4.5  x  109  photons/s/mm2  at  the  target,  with  a  spectral  width  of  approximately  2  eV. 
Figure  4  shows  the  X15A  beam  characteristics  for  various  monochromator  crystal 
orientations.  The  [111]  reflection  was  used  for  these  experiments.  The  beam  was 
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swept  in  energy  steps  of  about  0.67  eV  per  step.  These  are  the  first  synchrotron 
experiments  for  pumping  of  this  isomer  that  achieve  100%  coverage  in  pump  en¬ 
ergy,  rather  than  sampling  a  narrow  energy  slice  at  broad  periodic  intervals.  At 
each  energy  data  were  typically  collected  for  20  seconds.  A  0.2  keV  survey  region 
was  covered  in  300  steps  of  the  monochromator  angle,  hence  typically  requiring 
6000  seconds  per  0.2  keV  survey. 

A  10%  HPGe  detector  was  placed  at  two  different  target  distances  of  16  and 
4  cm  orthogonal  to  the  beam  axis.  The  closer  distance  was  found  to  be  more  suit¬ 
able,  but  required  careful  placement  of  1/1 6th  inch  lead  sheeting  over  the  detector 
to  shield  it  from  scattered  X-rays  in  order  to  keep  counting  rates  within  the  detector 
limits.  The  output  of  the  detector  was  collected  by  an  Ortec  973  fast  amplifier.  The 
counts  were  collected  using  an  8k  ADC  and  by  four  single  channel  analyzers.  Three 
were  set  to  monitor  specific  principle  lines  in  the  target  emission:  the  213.4  keV, 
325.6  keV  and  426,4  keV  lines.  The  fourth  SC  A  monitored  an  injected  pulser 
line  at  1256  keV,  well  above  any  target  lines  of  interest.  The  germanium  detector 
was  able  to  detect  all  the  relevant  y  lines  of  interest  over  the  energy  range  from 
46-2316  keV. 

During  a  sweep  of  beam  energy,  the  total  counts  per  channel  of  the  ADC  were 
recorded  as  a  function  of  channel  and  monochromator  angle.  Data  at  a  given  mono¬ 
chromator  angle  was  collected  for  20  seconds.  The  ADC  spectrum  and  the  SCA 
readouts  were  recorded  after  20  seconds  of  irradiation  at  a  fixed  energy.  The  ADC 
and  SCA  data  were  cleared  for  the  next  data  collection  step.  The  monochromator 
angle  was  increased  one  step  which  decremented  the  beam  energy  by  0.67  eV.  This 
process  was  under  full  automated  computer  control  of  the  monochromator  and  data 
collection.  A  diagram  of  the  entire  experimental  arrangement  is  shown  in  Figure  5. 

The  regions  that  have  been  surveyed  in  this  first  sequence  of  experiments  are 
shown  in  Table  I.  No  apparent  enhancements  were  observed  in  the  surveyed  re¬ 
gions.  Notice  however,  that  the  region  surveyed  is  quite  small  compared  to  the 
earlier  reported  enhancements  [1,2]  from  a  broadband  X-ray  pump  source:  a  total 
of  less  than  2  keV  out  of  a  potential  40  keV  region. 

The  experimental  data  were  analyzed  using  the  EDL  software  package  for  data 
visualization.  A  plot  of  an  entire  6000  second  (typical)  data  collection  was  de¬ 
veloped  for  each  run,  as  shown  in  Figure  6.  This  shows  only  data  covering  the 
energy  region  from  46-613  keV  in  the  gamma-ray  spectrum,  which  includes  all  the 
relevant  Hf-178m2  lines.  It  is  a  quarter  of  the  total  data  for  an  experiment.  A  full 
data  set  consists  of  a  total  of  four  such  panels  extending  from  46-2316  keV,  as 
shown  in  Figure  7.  The  data  is  presented  as  digitized  gray  scale.  The  total  counts 
per  ADC  channel  are  converted  to  gray  scale  where  the  highest  count  is  set  to 
black.  One  pixel  of  the  display  screen  represented  the  y  emission  value  for  one 
discrete  emission-excitation  energy  pair.  By  adjusting  the  conversion  threshold  and 
gain  setting  for  the  conversion,  it  was  possible  to  quickly  scan  the  large  volume 
of  data  obtained  from  an  experiment  for  any  significant  changes  in  y  emission. 
There  had  been  reported  at  an  Isomer  Working  Group  workshop  held  in  Telluride 
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FigureS.  X ISA  experimental  setup. 


Table  /,  Energy  ranges  of  survey  regions 


Experiment  number 

Lower  energy  bound 

Upper  energy  bound 

2 

12.000  keV 

13.000  keV 

3 

13.000  keV 

13.500  keV 

6 

12.399  keV 

12.599  keV 

8 

1 1.070  keV 

11.470  keV 

9 

9.361  keV 

9.761  keV 

10 

10.570  keV 

11.070  keV 

11 

9.509  keV 

9.667  keV 

12 

10.570  keV 

10.850  keV 

13a 

12.600  keV 

13.000  keV 

13b 

10.707  keV 

10.849  keV 

CO  during  May  of  2001  some  observations  of  enhancements  using  monochro¬ 
matic  synchrotron  radiation  beams  fortuitously  adjusted  to  an  excitation  energy 
so  that  apparently  rather  large  changes  in  emission  rate  occurred  when  pumped 
with  12.5  keV  monochromatic  synchrotron  radiation;  enhancements  interpreted  by 
us  to  exceed  the  few  percent  reported  in  [1,  2],  A  similar  data  analysis  scheme  was 
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Figure  6 .  A  46-613  kcV  section  of  spectrum  irradiated  by  12.4-12.6  keV  synchrotron  radiation. 
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Figure  7.  Bull  spectrum  from  46-2316  kcV  irradiated  by  12.4—12.6  kcV  synchrotron  radiation. 
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Figure  8.  213  and  217  keV  lines  irradiated  by  12.6-12.4  keV  synchrotron  radiation.  Feature  at 
12,4  keV  highlighted. 


used  to  scan  for  any  such  large  signal  events.  Such  an  event  could  appear  in  at  least 
two  forms:  (1)  an  enhancement  of  an  existing  line  at  a  discrete  excitation  energy 
or  range  of  excitation  energies;  or  (2)  as  the  appearance  of  a  new  emission  line 
at  a  discrete  energy  or  range  of  excitation  energies.  The  first  type  of  event  would 
be  observed  in  the  data  as  a  step  change  in  the  magnitude  of  a  line,  i.e.f  a  “dark 
spot”  on  a  line.  The  second  type  would  be  observed  as  the  appearance  of  a  "dark 
spot”  unassociated  with  any  existing  line  due  to  spontaneous  decay.  The  data  was 
rigorously  searched  for  such  irregularities  by  the  entire  experimental  team.  First  a 
visual  scan  of  all  the  Hf-J78m2  lines  was  performed  for  any  apparent  irregularity. 
Threshold  and  gain  settings  were  adjusted  to  maximize  the  relative  differences  in 
signal  to  noise  levels  present  in  the  data.  Then,  the  background  was  scanned  for 
irregularities  greater  than  the  average  local  noise  background.  This  process  was 
successful  in  identifying  several  such  events  that  were  detectable  by  this  means, 
but  were  found  not  to  be  statistically  significant  upon  subsequent  evaluation.  This 
provided  confidence  that  had  any  such  significant  irregularities  existed  in  the  data, 
such  a  process  would  have  successfully  screened  for  them. 

When  candidate  events  were  identified  a  more  rigorous  data  analysis  was  per¬ 
formed.  One  such  event  was  identified  for  the  217  keV  line  during  the  energy  sweep 
covering  12.6-12.4  keV  at  approximately  12.42  keV.  Figure  8  shows  a  detail  data 
analysis  of  this  region.  The  “peak”  just  exceeds  a  3a  significance.  However,  the 
variation  of  the  entire  line  frequently  approaches  this  level  of  significance,  and 
there  is  no  correlation  between  this  event  on  the  217  keV  line  and  any  other  lower- 
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Figure  9.  2 IS. 3-220.3  keV  region  integrated  counLs  irradiated  with  synchrotron  radiation  scanning 
from  1 1.07  keV  (step  599)  to  1 1.47  keV  (step  0). 


lying  transitions  in  the  ground  state  band  which  the  217  keV  transition  feeds.  Other 
similar  3a  peaks  were  found  on  the  326  keV  line,  but  at  a  beam  energy  of  about 
12.5  keV  with  no  correlation  to  the  peak  seen  on  the  217  keV  line.  Taken  together 
these  events  were  judged  unlikely  to  be  anything  other  than  uncorrelated  random 
noise  events.  This  is  not  unexpected  given  the  large  volume  of  data  collected.  Al¬ 
beit,  such  events  should  be  resampled  to  verify  this  conclusion.  As  of  this  time,  no 
such  resampling  has  been  possible.  No  statistically  significant  peaks  were  identified 
in  the  background  regions  of  the  data,  (i.e.,  in  regions  where  no  relevant  Hf-178m2 
lines  are  found.) 

Given  the  minimum  detectable  counts  above  background,  source  activity,  X-ray 
flux.,  and  energy  allows  the  calculation  of  a  minimum  detectable  integrated  cross 
section  for  these  experiments.  This  is  on  the  order  of  10_2S  cm2keV.  Any  events 
exhibiting  cross-sections  larger  than  this  should  have  been  readily  apparent  in  the 
data.  No  such  events  were  observed. 

A  third  means  of  data  analysis  was  performed  looking  at  potential  enhance¬ 
ments  in  the  217  keV  line  for  pumping  energies  near  the  LI  edge.  Figure  9  shows 
the  integrated  counts  in  a  region  of  interest  from  215.3-220.3  keV  for  synchrotron 
radiation  pumping  energies  that  range  from  I  1  . 07  to  1 1.47  keV.  (For  comparison, 
the  L  i  edge  is  at  1 1 .27  keV.)  A  baseline  region  was  arbitrarily  set  to  cover  energies 
from  1 1.18  to  11.28  keV,  as  indicated  in  Figure  9.  A  second  comparison  region 
is  shown  spanning  energies  from  1 1 .28  to  1 1.4  keV.  No  statistical  difference  was 
observed  between  the  baseline  and  comparison  regions.  The  baseline  region  mean 
count  is  2485  (66),  while  the  comparison  region  mean  count  is  2478  (76).  No 
enhancement  was  observed  in  this  region  near  the  Lx  edge. 
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While  several  such  marginally  significant  events  were  detected,  no  experiments 
were  possible  to  determine  if  the  results  were  reproducible,  due  to  limitations  of 
beam  time.  Future  experiments  are  planned  to  reexamine  these  energy  regions  iden¬ 
tified  as  having  potential  candidate  events.  Also,  future  experiments  are  planned  to 
complete  the  survey  for  excitation  pump  energies  from  7  to  15  keV  with  100%  en¬ 
ergy  coverage  as  proven  to  be  a  workable  protocol  by  these  first  such  full  coverage 
surveys. 
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Abstract.  The  triggering  of  long-lived  isomeric  nuclei  by  non-radiative  excitation  to  a  relatively 
short-lived  mediating  slate  is  considered.  Coulomb  triggering  in  inelastic  scattering  of  heavy  ions,  a 
transfer  of  triggering  energy  from  resonant  electron  transitions  of  atomic  shell  (NEFT)  and  triggering 
hy  capture  of  a  free  electron  into  a  bound  atomic  state  (NLLC)  are  discussed.  Cross  sections  for 
the  above  processes  of  non-radiative  triggering  are  presented  and  the  relative  efficiencies  of  these 
different  triggering  mechanisms  are  discussed.  Numerical  estimates  are  presented  for  the  selected 
isomers. 

Key  words:  triggered  gamma  emission,  non-radiative  nuclear  excitation,  nuclear  isomers. 


X.  Introduction 

Triggering  of  an  isomeric  nucleus  implies  a  release  of  the  energy  stored  in  a  long- 
lived  nuclear  state  by  exciting  to  some  higher  mediating  level  with  subsequent 
prompt  decay  to  lower  states  by  emission  of  gamma  radiation  or  by  internal  elec¬ 
tron  conversion.  Such  a  scheme  requires  the  existence  of  a  higher  state  S  (Figure  1) 
at  an  energy  near  that  of  the  isomer  state  /  which  could  be  reached  by  either 
absorption  of  externally-produced  X-ray  radiation  or  by  non-radiative  excitation. 


trigger  level 


Figure  1.  Schematic  diagram  showing  the  general  process  of  triggered  gamma  emission  if  the  initial 
state  /  is  an  isomer  Trigger  level  S  could  be  reached  by  cither  absorption  of  externally- produced 
X-ray  radiation  or  by  non-radiative  excitation. 
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The  cross  section  for  triggering  of  an  isomer  by  the  overall  l-to-S-to-F  transition 
can  be  expressed  as 


r;;.d  +aSF) 

a  —  a  i  — — - 

Vs 


0) 


where  a\  is  the  cross  section  for  the  first-step  nuclear  excitation  from  the  isomeric 
level  /  to  a  trigger  level  S  with  the  total  width  Ty;  and  r^,.,  asr  are  the  partial 
radiation  width  and  the  internal  conversion  coefficient,  respectively,  of  the  second- 
step  transition  from  S  to  a  final  nuclear  state  F. 

Photon-triggered  gamma  emission  from  long-lived  metastable  nuclear  excited 
states  has  been  established  since  1987  [1,  2].  Over  the  next  decade  the  major¬ 
ity  of  experiments  have  been  focused  on  the  idea  to  employ  externally-produced 
X-rays  as  a  means  of  driving,  or  triggering,  the  emission  of  gamma  radiation  [3]. 
With  these  experimental  results  have  come  proposals  for  the  creation  of  collec¬ 
tive  and  avalanche-like  incoherent  gamma- ray  bursts  [4,  5]  and  even  for  the  ulti¬ 
mate  light  source,  a  gamma-ray  laser  [6,  7].  The  state-of-the-art  in  experimental 
results  and  concepts  for  more  advanced  production  of  gamma  rays,  driven  by 
externally-produced  X-rays,  has  been  surveyed  in  the  review  of  [8]. 

The  purpose  of  this  paper  is  to  discuss  some  triggering  processes  that  may 
release  energy  stored  in  a  long-lived  isomeric  nuclear  state  by  means  of  radiation¬ 
less  excitation  to  a  relatively  short-lived  mediating  state.  Among  these  processes 
are:  Coulomb  triggering  in  inelastic  scattering  of  nuclear  particles  or  heavy  ions, 
a  transfer  of  triggering  energy  from  resonant  electron  transitions  of  the  atomic 
shell  (the  process  is  referred  to  as  NEET  -  nuclear  excitation  by  electron  transi¬ 
tion),  and  triggering  of  isomeric  nuclei  by  capture  of  a  free  electron  into  a  bound 
atomic  orbital  (the  process  is  referred  to  as  NEEC-  nuclear  excitation  by  electron 
capture).  Cross  sections  for  the  above  processes  of  non-radiative  triggering  are 
presented,  with  the  relative  efficiencies  of  different  triggering  mechanisms  and 
some  numerical  estimates  for  the  selected  isomers. 


2.  Triggering  of  nuclear  isomers  by  charged  particle  beams 

When  a  moving  charged  particle  in  a  beam  comes  close  to  a  nuclear  isomer  it 
is  deflected  by  the  long-range  Coulomb  field  arising  from  the  nuclear  electric 
charge.  The  relative  motion  of  charged  particles  and  a  target  nucleus  produces  a 
time-varying  electromagnetic  field  that  may  cause  a  transition  from  an  isomeric 
nuclear  level  to  a  lower  nuclear  state  via  some  higher- lying  intermediate  level.  Thus 
some  of  the  beam  particles  may  undergo  an  inelastic  scattering  accompanying  by 
triggered  emission  of  gamma  quanta  or  by  internal  electron  conversion. 

There  is  a  significant  difference  between  excitation  of  a  nuclear  isomer  by  a 
beam  of  charged  projectiles  that  are  themselves  nuclei  (for  instance,  protons,  alpha 
particles,  etc.)  and  by  a  beam  of  electrons.  Due  to  the  relatively  slow  motion  of  pro¬ 
jectiles  with  large  mass,  a  beam  of  nuclear  particles  with  energies  up  to  10  MeV  can 
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only  excite  electric  nuclear  transitions  with  tangible  cross  sections.  On  the  contrary, 
a  beam  of  electrons  with  the  same  bombarding  energies  can  excite  both  magnetic 
and  electric  nuclear  transitions  with  comparable  cross  sections.  Additionally,  due 
to  the  attractive  between  a  beam  electron  and  a  target  nucleus,  much  higher- lying 
nuclear  mediating  excited  states  can  be  reached  in  electron  excitation.  At  the  same 
time,  there  is  a  strong  competition  between  the  process  of  nuclear  excitation  by 
inelastic  electron  scattering  and  that  of  bremsstrahlung  creation,  which  is  far  more 
probable  for  electrons  than  for  heavy  nuclear  projectiles.  The  large  mass  of  the  pro¬ 
jectiles  used  in  Coulomb  excitation  with  nuclear  particles  does  allow  for  a  relatively 
simple  analysis  of  that  process  in  terms  of  a  semi-classical  approximation  that  is 
quite  inappropriate  for  electron  scattering.  For  these  reasons,  Coulomb  excitation 
with  nuclear  particles  and  electrons  are  considered  to  be  quite  different  fields  both 
in  theory  and  experiments.  We  discuss  below  the  Coulomb  excitation  with  nuclear 
particles  only. 

2.1.  COULOMB  TRIGGERING  OF  NUCLEAR  ISOMERS 

The  cross  section  for  the  triggering  process  can  be  expressed  by  Equation  ( 1 )  with 
the  Coulomb  excitation  cross  section  a i  being  used  for  the  first-step  nuclear  transi¬ 
tion  from  the  isomeric  level  /  to  a  mediating  level  S .  Coulomb  excitation  of  nuclei 
by  beams  of  nuclear  particles  is  a  well -elaborated  field  of  nuclear  physics  which  is 
extensively  used  for  the  exploration  of  nuclear  structure.  We  outline  the  theory  of 
Coulomb  excitation  by  nuclear  projectiles  following  the  famous  books  of  [9,  10] 
and  the  classical  review  of  Alder  et  al.  [11]. 

It  is  usually  assumed  that  the  repulsion  between  the  target  nucleus  and  incident 
projectiles  is  strong  enough  to  prevent  the  projectiles  from  entering  the  nucleus.  In 
this  case,  we  are  sure  that  there  is  no  direct  nuclear  interaction  between  the  target 
nucleus  and  projectile.  If  the  projectile  moved  in  a  classical  orbit,  this  condition 
occurs  when  the  distance  of  closest  approach  2a  in  a  head-on  collision. 


(2) 


a 


is  greater  than  the  sum  of  the  radii  of  target  and  projectile.  This  is  equivalent  to 
saying  that  the  projectile  energy  must  be  less  than  that  of  the  Coulomb  barrier,  £B. 
Here,  m q  denotes  the  reduced  mass  of  projectile  and  target  nucleus,  v  is  the  pro¬ 
jectile  velocity  at  large  distance,  Z  is  the  charge  number,  with  subscripts  1  and  2 
referring  to  projectile  and  target  nuclei,  respectively.  The  motion  of  the  projectile, 
however,  is  not  described  correctly  by  a  classical  orbit  but  rather  by  a  wave  packet. 
It  can  be  shown  [10,  11]  that  a  criterion  required  to  exclude  a  direct  nuclear  inter¬ 
action  is  that  the  dimensionless  Sommerfeld  parameter,  ry,  is  significantly  greater 
than  unity,  i.e. 


a  Z\Z±e2 


C3) 
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where  X  =  h/m0v  is  the  reduced  De  Broglie  wavelength  of  the  target  nucleus  at 
the  distance  of  closest  approach. 

When  the  projectile  passes  the  target  nucleus  it  produces  a  pulse  in  the  interac¬ 
tion  energy  and  the  temporal  width  of  this  pulse  is  on  the  order  of  a/v.  Hence,  the 
maximum  frequency  component  in  the  pulse  is  on  the  order  of  v/a.  This  means  that 
the  probability  for  a  nuclear  transition  with  excitation  energy  A E  will  be  negligibly 
small  unless  hvja  >  A E.  It  is  convenient  to  define  the  dimensionless  parameter  £ 
as 


aAE  A  E 
hv  ^  2 E  ’ 


(4) 


where  E  —  m§v2 /2,  The  excitation  will  be  strong  when  £  <  1 .  By  applying  the 
condition  £  =  1  and  E  =  (the  energy  of  Coulomb  barrier  can  be  approximately 
estimated  by  EB  &  Z\ Z2A2  lo  MeV,  where  A2  is  the  mass  number  of  target  nu¬ 
cleus  and  we  neglect  the  radius  of  the  projectile),  one  can  estimate  [9]  the  highest 
transition  energy  likely  to  be  observed  in  Coulomb  excitation  to  be  about  4  MeV. 

The  quantum-mechanical  treatment  of  Coulomb  excitation  of  a  nucleus,  con¬ 
sidering  the  interaction  as  arising  from  the  exchange  of  a  virtual  photon  between 
projectile  and  nucleus,  gives  rise  to  the  following  expression  for  the  total  excitation 
cross  section  by  nuclear  beams: 

4n)  =  A o  2L+2B{E(M)L'f)f,:[MUAiil^),  (5) 

where  B(E(M)LJ\)  is  the  reduced  transition  probability  associated  with  the  nu¬ 
clear  excitation  by  the  electric  (EL)  or  magnetic  (ML)  2^-pole  transition  (measured 
in  units  of  e 2  (length)2^  for  EL  or  in  fi2N  (length)27"'2  for  ML  transitions  and  /r/V  - 
eh/2mpc  is  the  nuclear  magneton),  Ag  =  1  and  Am  —  (v-J  c)2(v  / /v-,),  and  v,  and 
Vf  are  the  initial  and  final  velocity  of  projectile,  respectively.  The  a  and  £  values 
given  by  the  so  called  symmetrized  expressions 


moViVf 


and 


£  =  *?/-  m 


ZiZ.e2  Z\Z2e2 
hvj  hv, 


(7) 


which  replace  Equations  (2)  and  (4),  respectively.  It  is  readily  seen  that  the  ex¬ 
pressions  of  Equations  (6)  and  (7)  for  a  and  £  are  equal  to  Equations  (2)  and  (4), 
respectively,  to  lowest  order  in  A  E/E.  One  can  see  from  Equation  (5)  that  the 
magnetic  transitions  are  reduced  by  a  factor  of  order  (v,/c)2. 

The  difference  between  classical  and  quantal  description  of  Coulomb  excita¬ 
tion  is  mainly  contained  in  the  functions  /e(M)/.0?i »£),  which  in  the  classical 
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case  depend  only  on  £  and  correspond  to  the  limiting  values  of  the  quantum- 
mechanical  functions  fE\M)L(ru>%)  for  rji  oo.  In  the  most  practical  cases, 
when  Tjj  >  10  (see  the  requirement  of  Equation  (3)).  the  quantal  /  functions  differ 
only  slightly  from  the  classical  limit  and  it  is  convenient  to  write  /e(jW)/,07g  £)  — 
x  REiADiAVi,  £),  where  is  the  classical  /  function  and  where 

the  quantum  effects  are  contained  in  the  correction  factor  »  £)■  Both  the 

classical  and  the  quantal  correction  functions  are  tabulated  and  plotted  in  [1 1]  for 
nuclear  transitions  of  different  types  and  multipolarities. 

We  finish  this  section  by  compilation  from  the  review  of  Alder  et  ai  [11]  con¬ 
venient  expressions  for  numerical  computation  of  the  Coulomb  excitation  cross 
section  and  by  discussion  the  requirements  to  the  range  of  projectile  energies  in 
nuclear  beams.  For  application  of  the  above  formulas,  it  is  convenient  to  write  all 
parameters  involved  as  functions  of  the  initial  energy  of  the  incident  projectile 


E  = 


niWi 


(8) 


so  that  the  final  energy  is  obtained  from  the  equation 


ni\V2j- 


=  E-  A E\ 


(9) 


where  the  projectile  energy  loss  A  E'  is  related  to  the  nuclear  excitation  energy  A  E 
by  the  expression 


A  E’  = 


-(■*£) 


A  E. 


(10) 


The  nuclear  mass  numbers  A\  and  A?  correspond  to  the  projectile  and  the  target 
nucleus,  respectively.  Introducing 


A  Ef 


(11) 


into  the  symmetrized  parameter  a  of  Equation  (6),  we  obtain 


1 

a  =  - 
2 


A^Z^Zoe2 


(i  -*r1/2 


a2J  e 

=  0.071 99 ( 1  +  —\z\Z2{\  -e)-'nE~x  10“12 


V 


At) 


(cm), 


(12) 


where  E  is  the  initial  energy  (Equation  (8))  expressed  in  MeV.  The  parameter  rj 
(Equation  (3))  for  the  initial  and  final  states  may  be  written,  with  E  in  MeV,  as 


r);  =  0.5Z,Z2a!/2(I0.008£) 


-1/2 


(13) 


and 


Vf  =  rn(\  -  e)  l/2. 


(14) 
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A  convenient  expansion  of  £  (Equation  (7))  in  powers  of  the  energy  loss  is  given 
by  the  following,  with  E  and  A E'  being  expressed  in  MeV: 


Z|  Zi  a[/2A£' 


/  5  (A E' 

(1  +  32(t 


-h 


12.6  5(E  AEf/2)^2 

For  electric  excitations,  the  cross  section  is  given  by  the  expression 


cei.E'-2[E  -  A E'f  ’ B(EL  f) A,- (>;, .  0  (bams). 


with 


cel  = 


ZfA, 


40.03 


0.071991  1  + 


A2 


z,z2 


—21. +2 


(15) 


(16) 


(17) 


where  E  and  A  E'  are  expressed  in  MeV  and  the  reduced  nuclear  transition  proba¬ 
bility  B(EL  |)  is  measured  in  units  of  e2(10"'24  cmY  =  e2bL 

Similarly,  for  the  magnetic  excitations  the  cross  section  is  given  by 

o'n1  =  cur.EL-*f2{E  -  AE')L~ulB(ML\)fMdVi,H)  (barns)  (18) 


with 


cML  =  5.888  X  10“9Z2 


0.07199[  1  +  —  Z,Z2 
A  2 


If,  I  l 


(19) 


where  E  and  AEf  are  expressed  in  MeV  and  the  reduced  nuclear  transition  proba¬ 
bility  B(ML  t)  is  measured  in  units  of  /r^(10~24  cnr/  -l  =  fi2N b/j_1. 

The  range  of  projectile  energies  that  can  be  employed  in  the  excitation  of  a 
given  nuclear  level  is  limited  on  the  low-energy  side  by  the  condition  £  ^  1,  since 
otherwise  the  collision  becomes  adiabatic  and  the  excitation  cross  section  becomes 
small.  According  to  Equation  (15),  this  condition  may  also  be  written 


E  >  0 


/M1/3/z2\2/3 

2Z\  (  — -  )  —  , 

\ZJ  \AEJ 


(20) 


where  E  and  A E  are  the  bombarding  energy  and  the  excitation  energy  in  MeV  and 
the  center-of-mass  corrections  and  the  relative  energy  loss  A  E/E  are  neglected. 

On  the  other  hand,  for  too  high  bombarding  energies,  the  projectiles  may  pen¬ 
etrate  into  the  nucleus  and  the  interpretation  of  the  observed  excitations  then  be¬ 
comes  more  difficult  due  to  the  onset  of  direct  nuclear  reactions.  Assuming  the 
energy  of  projectile  is  less  than  that  of  the  Coulomb  barrier  £B,  we  obtain 

E  <  EB  =  ZlZ2A2U\  (21) 


where  E  is  measured  in  MeV. 
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2.2.  NUMERICAL  ESTIMATES 

Numerical  estimates  of  the  triggering  cross  sections  for  several  isomers  by  a  beam 
of  protons  with  energies  of  1  MeV  and  10  MeV  are  collected  in  Table  I.  One 
can  see  that  for  trigger  transitions  with  relatively  high  multipole  orders  (E9  for 
M4  for  'f*Hr2  and  £5  for  ^7Lum),  the  increase  in  the  cross  section 
with  growing  proton  energy  proves  to  be  much  greater  than  for  transitions  of  low 
multipolarity(£2  for^Am™  and  ^4Lum).  We  consider  below  numerical  estimates 
for  two  of  the  selected  isomers  in  more  detail. 


5 42  Am™  : 

For  numerical  estimation  of  the  cross  sections  for  triggering  of  ^Am'11  isomer  by 
a  beam  of  protons  with  energy  1  MeV,  we  can  use  expression  (1)  with  <jx  — 

(16).  Since  the  first-step  transition  is  electric  quadrupole,  we  obtain  a  Weisskopf 
estimate  for  the  reduced  transition  probability  of  B(E 2f )  =  5.70  x  10"  V2b2  and 
with  ci;i  —  5.30  x  10_4t  £  =  32.2  x  10  \  rjl  —  15.02,  /($,  rji)  ~  0.895  we  obtain 
—  2.7  x  10“*’  bams.  Taking  into  account  that  P^(  I  +  asf)/^s  "  Kwe  come 
to  the  estimate  a  =2.7  x  10~6  bams  for  the  triggering  cross  section  of  ^Amm, 

A  similar  estimate  for  a  beam  of  10-MeV  protons  gives  rise  to  an  order-of- 
magnitude  greater  cross  section,  a  ~  2.7  x  10~5  bams.  Note  that  the  energy  of 
the  Coulomb  barrier  (Equation  (21))  is  estimated  to  be  =  15.2  MeV,  so  the 
requirement  of  Equation  (21)  holds.  For  a  proton  energy  of  0. 1  MeV,  the  triggering 
cross  section  is  estimated  to  be  three  orders-of-magnitude  less,  or  a  =  8.6  x  10-9 
barns. 


Since  the  first-step  transition  of  jfHf™2  is  electric  with  L  —  9,  we  obtain  a 
Weisskopf  estimate  for  the  reduced  transition  probability  of  B{E9  f)  —  1 .32  x 
10~Vb9,and  cE»  =  8.47  x  1CT14,  £  =  3.98  x  10“4,  rj,  =  1 1.38, /(£,  r?()  lO”10. 

This  gives  the  Coulomb  excitation  cross  section  <j\  —  a ^  =  1.1  x  10  29  barns 
for  a  beam  of  1-MeV  protons.  Taking  into  account  the  relative  intensities  (Table  I) 
for  the  gamma  emission  lines  accompanying  decay  of  the  intermediate  state  S,  we 
come  to  a  set  of  cross  sections  of  a  =  7.8  x  1 0— 30 ,  2.6  x  lO-^0, 0.6  x  10-30  bams  for 
the  process  of  triggered  de-excitation  of  ^Hf™2  with  emission  of  1 105.91 , 983.17, 
891 .5  keV  gamma  quanta,  respectively. 

Increasing  the  energy  of  the  incident  protons  leads  to  an  appreciable  rise  in 
the  triggering  cross  sections.  For  instance,  10-MeV  protons  (which  is  less  than 
the  Coulomb  barrier  EB  =  12.8  MeV)  give  a^n)  —  1.1  x  10-14  barns  and  hence 
o  —  7.8  x  10-1\  2.6  x  10“ 0.6  x  I0-1-S  barns  for  emission  of  1 105.91 , 983.17, 
891 .5  keV  gamma  quanta,  respectively. 
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3.  Triggering  of  nuclear  isomers  via  coupling  to  atomic  electron  shell 

Transferring  energy  from  atomic  shells  to  the  nucleus  could  induce  triggering  of 
an  isomer.  The  energy  released  during  recombination  of  a  vacancy  in  an  atomic 
electron  shell  may  lead  to  the  first  step  of  isomer  excitation  via  absorption  of  a 
virtual  photon.  The  most  widely  known  candidates  for  such  processes  are  second- 
order  non-radiative  processes  of  nuclear  excitation  via  resonance  electron  transition 
(MEET)  [12-18]  with  the  same  multipolarity,  via  electron  capture  from  the  contin¬ 
uum  by  a  vacancy  in  an  electron  shell  (NEEC)  [19-23]  and  nuclear  excitation  via 
a  third-order  mechanism  which  is  referred  to  as  the  inverse  electron  bridge  (1EB) 
[24-27]. 

In  the  NEET  triggering  process,  an  electron  from  a  higher  electron  shell  makes  a 
transition  to  fill  a  hole  in  an  inner  electron  shell  while  at  the  same  time  the  nucleus 
makes  a  resonant  transition  from  a  long-lived  isomeric  state  to  a  higher  excited 
state  with  subsequent  prompt  decay  to  lower  nuclear  states.  The  first-step  nuclear 
excitation  via  the  resonance  electron  transition  is  thus  the  inverse  of  the  bound 
interna]  conversion  process  [28]  in  which  a  nucleus  de-excites  by  excitation  of 
a  bound  electron  to  a  higher-lying  bound  orbital.  Experimental  evidence  for  the 
bound  internal  conversion  process  has  been  found  [29]  in  the  interna]  conversion 
decay  of  highly  ionized  ions  of  I25Te  in  charge  states  ranging  between  44+  and 
48"T  Direct  observation  of  the  NEET  process  has  been  reported  recently  [30]  in 
the  excitation  of  197Au  from  the  ground  state  to  the  first  excited  state  with  irra¬ 
diation  by  synchrotron  radiation.  It  was  concluded  that  K-shell  photoionization 
was  responsible  for  NEET  excitation  of  197 Au  with  a  branching  probability  of 
(5.0  ±0.6)  x  1CT8. 

In  the  NEEC  process  the  first-step  excitation  of  isomer  is  produced  via  free- 
to-bound  electron  transitions  rather  than  via  transitions  between  two  bound  states. 
This  process  is  just  the  inverse  of  the  well-known  process  of  nuclear  de-excitation 
by  interna]  electron  conversion. 

Instead  of  capturing  an  electron  from  a  beam  of  incident  particles,  a  variant  of 
NEEC  by  target  electron  capture  was  suggested  in  [21 , 22].  In  this  case,  bare  nuclei 
or  highly  stripped  ions  from  a  beam  are  channeled  through  a  single  crystal  and  the 
target  electrons  in  the  channel  are  captured  into  inner-shell  atomic  orbital  of  an 
incident  nucleus.  To  conserve  energy,  the  nucleus  is  simultaneously  excited.  The 
NEEC  cross  section  is  especially  large  when  the  speed  of  ions  satisfies  a  resonant 
condition.  At  present,  there  are  no  reliable  experimental  NEEC  results.  Theoretical 
estimates  for  the  NEEC  cross  section  are  very  diverse  and  its  real  magnitude  is  in 
need  of  experimental  verification. 

In  the  IEB  process  of  nuclear  excitation,  tuned  frequency  laser  radiation  pro¬ 
duces  a  two-quantum  electron  transition  between  atomic  shells  with  emission  of 
a  virtual  photon  and  nuclear  excitation  occurs  as  a  consequence  of  resonance  ab¬ 
sorption  of  this  virtual  photon. 

We  restrict  our  further  discussion  to  NEET  and  NEEC  triggering  of  isomeric 
nuclei. 
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3.1.  NBBT  TRJGG BRING  OB  NUCLEAR  JSOMBRS 

The  cross  section  for  the  NEET  triggering  process  is  determined  by  Equation  (1) 
with  the  NEET  cross  section,  cx{  ~  oq  1  ,  for  the  first-step  isomer  excitation. 
Nuclear  triggering  by  NEET  implies  an  in-advance  creation  of  a  hole  (vacancy)  in 
an  inner  atomic  shell  by  some  incident  ionizing  electron  beam  or  by  externally- 
produced  X-ray  radiation.  If  we  denote  the  cross  sections  for  hole  production  by 
an  electron  beam  as  a/e)  and  by  X-ray  radiation  as  or/ rj,  then  the  cross  section  for 
the  NEET  process  can  be  expressed  by 


a 


(NLH'n 

1 


-  a.ic,r) 


P NEET. 


(22) 


where  Pnlbt  is  the  probability  for  energy  transfer  from  an  electron  transition  to 
a  resonant  nuclear  transition.  There  are  a  number  of  theoretical  studies  on  the 
NEET  process  [12-18],  which  were  reviewed  in  detail  in  [17,  18].  We  use  a  for¬ 
mula  for  calculating  the  NEET  probability  presented  in  [17]  and  confirmed  in  later 
discussions  on  this  problem  [18,  23],  namely 


P NBirr  — 


ry  +  rA  £?„(<•  ->  /,  i  -»  S) 

r,  /  (£N  -  Ea)2  +  (L  +  vf  +  r,v)J/4’ 


(23) 


where  £N  —  EA  is  the  energy  difference  between  the  corresponding  nuclear  and 
atomic  transitions.  The  initial  atomic  state  i  (we  use  small  letters  to  denote  atomic 
states)  in  Equation  (23)  is  the  state  having  a  hole  in  an  inner  electron  shell,  whereas 
the  final  state  f  corresponds  to  the  atom  having  a  hole  in  a  higher  electron  shell. 
Thus  we  consider  the  process  of  atomic  de-excitation  not  as  an  electron  transition 
but  rather  as  a  hole  transition  from  lower  atomic  levels  to  higher  ones.  The  energy 
widths  of  the  initial  and  final  hole  atomic  states  are  rt  and  E  respectively,  and  P| 
is  the  energy  width  of  a  mediating  (trigger)  nuclear  level  S. 

The  key  value  in  Equation  (23)  is  the  interaction  energy  between  nucleus  and 
atomic  electron  shell.  It  contains  the  matrix  element  of  the  interaction  and  can  be 
expressed  for  2^ -pole  transitions  as  follows: 


£■„,(/  /,  /->$)  =  W 


(2L4-  1) 

l(2L  +  l)!!]2 

2 


he 


2L+2 


J\L0 


1 


Jr: 


Mf  w>|2B(£(Af)L  t),  (24) 


where  j, ;  jj  denote  the  total  angular  momentum  of  the  initial  and  final  atomic 
states,  respectively,  {jt\L0\jf\)  designates  the  Clebsch-Gordan  coefficient,  M^1  M) 
is  the  matrix  element  of  the  i-to-  f  27 -pole  atomic  transition  (EL  or  ML ),  and 
B(E(M)L  t)  is  the  reduced  transition  probability  associated  with  the  nuclear 
excitation  by  the  multipole  transition  (EL  or  ML)  from  I  to  S  state. 
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There  is  a  simple  relation  between  the  probability  of  NEET  and  the  energy 
widths  of  the  radiative  nuclear  and  atomic  transitions  involved.  Indeed,  the  partial 
radiation  width  of  the  5 -to-/  nuclear  transition  is  given  by  [10] 


MO 

SI 


=  8tt 


a  +  i) 


L\(2L+\) 


w(^T'B{Em  li)' 


(25) 


where  the  reduced  transition  probability  B(E(M)L  |)  for  the  decay  is  related  by 


GB(E(M)Ll)  =  B{E(M)L  |) 


(26) 


to  the  reduced  transition  probability  B(E(M)LJ\)  entering  into  Equation  (24), 
where  the  statistical  'spin  factor’  G  =  {2J$  +  l)/(27/  +  1).  The  partial  radiation 
width  of  the  /-to- /  atomic  transition  is  determined  by  the  expression  [31] 


p(r]  _  2  ^N  2L(2L  f  1) 

if  ~  e  Jc  L  +  1 


h-2io 


Jf: : 


[R  e(Mf(A/))]2- 


(27) 


Combining  Equations  (25),  (27)  with  Equation  (24)  we  can  rewrite  Equation  (23) 
in  a  more  suitable  form: 

P  =  CT _ (1  +3~2) _ cr,  4-  Vf  +  r,s)2/4 _ 

NEET  -  o  r_  J  4  (  p  +  p/)/rs  (£n  _  £a)2  +  (r.  +  r J  f  r,)'/4' 

(28) 


where  the  parameter  8  is  defined  by 

Re(wflW)) 
lm  (  A//  w  ) 


(29) 


3.2.  ATOM  IONIZATION  CROSS  SECTION 

We  consider  hole  production  in  an  inner  atomic  shell  with  electron  ionizing  energy 
£,  by  X-ray  radiation  with  a  photon  energy  E  close  to  the  threshold  of  ionization, 
(£  —  £,)/£;  ^  1 .  The  cross  section  can  be  represented  as  [32] 


where  a  =  tp-jhc  —  1/137.03  is  the  fine  structure  constant,  —  ft2 /me2  — 
0.529  x  IQ-8  cm  the  Bohr  radius,  and  fi  is  the  number  of  electrons  screening  the 
motion  of  the  considered  electron. 

Unlike  atomic  ionization  by  electron  impact,  ionization  by  photon  absorption 
is  a  selective  process,  so  that  photoionization  of  inner  electron  shells  practically 
does  not  influence  electrons  in  upper  shells.  The  photoionization  cross  section  has 
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a  maximum  near  the  threshold  energy  of  ionization  Ex  and  then  it  diminishes  with 
an  increase  in  the  photon  energy. 

The  cross  section  for  ionization  of  an  inner  atomic  shell  with  angular  momen¬ 
tum  /  and  total  number  of  electrons  ri\  by  bombardment  with  electrons  of  energy  E 
can  be  represented  in  the  form  [32,  33] 

2rrr®w'  (,n 

where  E\  is  the  electron  ionizing  energy,  R  —  me4/2h 2  =  13.6  eV  is  the  Rydberg 
constant  and  the  function  <3>(u)  with  argument  u  =  ( E  -  Ey)/El  was  tabulated 
in  [32],  For  a  crude  numerical  estimate,  it  can  be  represented  as 

/  ii  YV2  c 

«>(«)=  — T  — -  <32) 

\  u  +  1  /  u  +  (p 

with  C  =  5-10,  <p  =  1-2  for  s -atomic  shells,  C  =  20—40,  <p  =  2-5  for  /^-atomic 
shells  and  C  =  40-60,  <p  =5-10  for  ^/-atomic  shells.  The  cross  section  cr-  is 
equal  to  zero  at  E  =  £M  grows  with  an  increase  of  £  up  to  a  maximum  value  at 
£  ~  (2-5)£i,  and  then  decreases  with  continued  growth  in  the  energy  of  electrons 
in  the  beam. 


3.3.  NUMHRICAL  E  ST  I  MATHS 

For  a  crude  estimate  of  the  NEET  probability  from  Equation  (28)  for  Mi  or  £1 
transitions,  we  assume  T^/Tv  ~  V\)' /  F,  -  10  l-10-2,  (r,-  +rf)/rs  ~  i07 
109,  8~2  ~  103,  G  =  (2JS  +  l)/(2 J,  +  1)  -  0.1  and  |£N  -  £A|  -  5(T,  + 
E/  +  rs).  Under  these  assumptions,  the  probability  for  NEET  is  estimated  to 
be  Enbli  ^  10  °-10-13.  The  NEET  probabilities  for  transitions  of  consecutive 
multipole  orders  decreases  by  5-6  orders  of  magnitude. 

A  screening  of  isomers  has  been  made  in  order  to  pick  out  the  candidates  with 
the  appropriate  arrangement  of  the  nuclear  and  atomic  states.  The  relevant  frag¬ 
ments  of  the  atomic  and  nuclear  level  diagrams  for  the  selected  isomeric  nuclides 
suitable  for  triggering  by  the  NEET  process  are  shown  in  Figure  2.  The  energies 
of  atomic  levels  (Eb  is  the  binding  electron  energy)  and  nuclear  levels  are  taken 
from  [34].  Numerical  estimates  of  the  NEET  triggering  cross  sections  for  the  se¬ 
lected  isomers  are  collected  in  Table  II.  The  last  two  columns  contain  estimates  for 
in-advance  hole  creation  by  X  radiation  with  photon  energy  close  to  the  ionization 
energy  and  by  a  beam  of  electrons  with  the  energy  nearly  4-5  times  the  ionization 
energy.  Estimates  for  widths  of  the  atomic  hole  states  are  taken  from  [31, 32].  We 
consider  below  the  numerical  estimates  for  three  of  the  selected  isomers  in  more 
detail. 
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Figure  2.  Atomic  and  nuclear  level  diagrams  for  several  isomeric  nuclei  suitable  for  triggering  by 
the  NT  I  T  process. 


To  estimate  the  probability  of  NEET  excitation  to  the  trigger  level  of  ^2Amrn 
(Figure  2a),  we  use  Equation  (28)  with  T^/Ty  —  3,43  x  10~6  and  Fg  ^  = 
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Fig ure  2.  ( Co n  L i nu ed . ) 


3.0  x  .10“"  eV(Weisskopf  estimate),  r'}’/r,  -  lO-4,  (T,  +  T /-)/r^  =  1.3  x  I012 
(taking  into  account  that  F,  ~  10  eV  for  the  N -electron  shell  and  r  f  ~  30  eV  for 
the  M-shell),  S'2  ~  103,  EN  -  £A  =  20  eV,  G  -  (2 Js  +  l)/(2 J,'+  1 )  =  7/ 1 1 . 
As  a  result,  we  obtain  /V  i  r  =  0.82  x  10-19. 

The  cross  section  for  hole  production  by  X-ray  radiation  (Equation  (30))  with 
photon  energy  E  ~  3  keV  is  a," 1  =  8.7  x  10  22  cm2,  so  that  the  cross  section  for 
the  first-step  excitation  is  estimated  to  be  <rjNN’'h  =  cr  r;  /Xhm-  =  7.1  x  10~41  cm2. 
Since  for 242 Amm  F(sr|(l  +  (xsf)/^s  ^  l,we  obtain  the  following  estimate  of  the 
cross  section  for  the  NEET  triggering  of  ^2Amm:  a  —  7.1  x  10-17  barns. 

The  cross  section  for  hole  production  by  a  beam  of  20-keV  electrons  can  be 
estimated  to  be  -  3.6  x  I  0_2]  cm2  (31)  and  the  cross  section  for  the  triggering 
by  NEET  is  estimated  to  be  a  —  2.9  x  10  "l6  bams. 


We  perform  a  similar  estimate  of  the  NEET  excitation  probability  (28)  for  the 
isomer  ^°Irm  with  r$/rA-  =  1.05  x  10~8  and  rs  *  =  1.12  <  10"6  eV 

(Weisskopf  estimate),  =  10“\  (F,  -f  F f)/Vs  =  4.5  x  107  (taking  into 

account  that  ~  20  eV  for  the  M-electron  shell  and  F/  ~  30  eV  for  the  L-shell), 
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&-2  ~  10-',  £n  -  £A  =  420  eV,  G  =  (2JS  +  l)/(27,  +  1)  =  7/3.  We  find  the 
value  PN el-i  =  1.9  x  1(T19. 

The  cross  section  for  hole  production  by  X-ray  radiation  (Equation  (30))  with 
J5-keV  photons  is  given  by  g-t)  —  1 . i 2  x  JO-21  cm2,  whereas  the  cross  section 
for  hole  production  by  a  beam  of  50-keV  electrons  can  be  estimated  at  o^' 

5.9  x  10  22  cm2.  Bearing  in  mind  that  for  j90Irm  the  ratio  r^,  (  I  T  )/rv  ~  1 > 
we  can  estimate  the  cross  section  for  triggering  by  NEET  as  a  =  2.2  x  10“ 16 
barns  for  hole  production  by  X-ray  radiation  and  as  a  =  1.2  x  10“ 10  barns  for  hole 
production  by  an  electron  beam. 


For  the  ^Rh™  isomer,  we  use  r,y  =  2.39  x  10  7  eV  and  ctst  :=  -0.8  (experimental 
data  taken  from  [34]),  r,s-  r^’d  +  asi),  r^/  Vs  -  1/(1  +  a.u)  0.046  and 
r^’/r,  =  1 0— 1 ,  ( r,  +■  rf)/rs  =  8.41  X  107  (with  r,  -  20  eV  for  the  K -electron 
shell  and  Vf  ~  0.1  eV  for  the  N-shell),  5“ 2  -  10\  Es  -  £A  =  1240  eV  and  G  - 
( 2 ./ s  +  l)/(2  Ji  +  1)  =  4/5.  This  leads  to  an  estimate  of  X'bbt  =  2.8  x  10-12. 

The  cross  section  for  hole  production  by  X-ray  radiation  with  the  25-keV  pho¬ 
tons  is  given  by  =  3.0  x  10-21  cm2,  whereas  the  cross  section  for  hole 
production  by  a  beam  of  100-keV  electrons  can  be  estimated  to  be  cr(°  —  5.9  x 
10”22  cm2. 

For  4^Rhm,  the  ratio  T^Ul  -fa.y/O/F^  is  estimated  to  be  8.8  '10“n  (Weis- 
skopf  estimate  for  r'fp  anc^  0)  and  this  provides  a  —  1 A  x  J0~19  barns  for 

the  NEET  triggering  cross  section  with  hole  production  by  the  X-ray  radiation  and 
a  —  2.2  x  10  20  barns  with  hole  production  by  an  electron  beam. 

3.4.  NEEC  TRIGGERING  OF  NUCLEAR  ISOMERS 

The  cross  section  for  the  NEEC  triggering  process  is  determined  by  Equation  (1) 
with  the  NEEC  cross  section  —  ajNHt'  for  the  first-step  isomer  excitation. 
Nuclear  excitation  by  electron  capture  (NEEC)  is  the  process  by  which  energy 
is  transferred  from  a  free-to-bound  electron  transition  to  the  nucleus  and,  thus,  is 
resonant  in  character.  If  we  denote  the  energy  of  the  captured  free  electron  by  Ec 
and  the  ionization  energy  of  the  bound  electron  after  capture  by  then  energy 
conservation  specifies  the  resonance  energy  needed  for  beam  electrons  to  cause 
triggering  by  NEEC,  Ex  -  --  ESi  -  Eu  where  ESi  is  the  nuclear  triggering  energy. 

A  crude  estimate  of  the  NEEC  cross  section  was  first  presented  in  [19,  20]. 
However  this  estimate  was  based  on  a  number  of  approximations  of  dubious  va¬ 
lidity,  leading  to  a  nuclear  excitation  cross  section  that  was  independent  of  nuclear 
parameters.  More  recently,  the  NEEC  cross  section  has  been  considered  [21]  by  a 
scaling  procedure,  so  in  this  case  the  cross  section  was  given  in  terms  of  product  of 
an  Auger  decay  cross  section  and  a  ratio  of  quantities  pertaining  to  the  Auger  decay 
rate  and  internal  conversion  decay  rate.  The  degree  of  approximation  introduced  in 
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this  scaling  procedure  is  not  clear.  In  the  following  we  use  the  NEEC  cross  section 
presented  in  [22,  23],  where  the  NEEC  process  was  reconsidered  with  an  explicit 
treatment  of  the  electron  nuclear  interaction.  Treating  NEEC  as  one  of  the  channel 
of  the  process  of  electron  scattering  on  an  atom  with  resonance  state  being  the 
nuclear  trigger  level  S,  the  NEEC  cross  section  can  be  expressed  in  the  form  [23] 


„  n:  i  i  ~  *  4M(n  +  ry  +  r.y) 

1  }  °2k2(E-  Et.)2  +  (r;  +  rr  +  r,v)2/4’ 


(33) 


where  k  is  the  wave  number  of  the  incident  electron  of  energy  E,  is  the 
radiation  width  of  the  S-to-/  nuclear  transition,  af}  is  the  partial  coefficient  of 
internal  electron  conversion  via  the  shell  into  which  electron  capture  occurs,  E, 
is  the  energy  width  of  initial  atomic  state  with  a  vacancy  in  an  electron  atomic 
shell  and  P,-  is  the  energy  width  of  final  atomic  state  after  capture  of  electron.  The 
factor  So  is  a  function  of  the  nuclear  spins,  7/  and  J$  in  isomeric  and  trigger  states, 
respectively,  the  total  angular  momentum,  j  of  the  captured  electron  and  the  total 
angular  momentum,  jo  of  the  continuum  orbit  from  which  capture  occurs. 

The  rate  of  triggering  by  electron  capture  is  expressed  by 

WNEec=  r^,(1  +0t5f)  f  a ,(NI'EC> (E)Fc(E)dE,  (34) 

1  .S'  Jg= 0 

where  Ee(£)  is  the  electron  flux  density  at  an  energy  E.  Under  the  assumption  that 
FJE)  has  a  broad  energy  distribution  around  the  resonance  energy  £e  with  the 
energy  width  that  is  much  greater  then  the  width  of  resonance,  the  expression  for 
this  rate  reduces 


VtW  -  F^EJSo^-a?; r(,r; (1  +  )Fsf  ,  (35) 

4  "  is 

where  Ee(£e)  is  the  electron  flux  density  at  the  resonance  energy  Ee  and  A.e  is 
the  wavelength  of  the  incident  electrons  with  the  resonance  energy  £e,  so  that 
kc  =  2  7zh/*j2m.  Ec . 

In  Equation  (33)  we  assume  that  the  width  of  resonance  is  dominated  by  a 
homogeneous  natural  broadening  inherent  to  a  single  atom  rather  than  inhomo¬ 
geneous  broadening.  Otherwise,  the  width  T,  4  F/  4  Ts  should  be  replaced  ei¬ 
ther  by  the  Doppler  width  for  an  ensemble  of  atoms  or  by  the  Stark  width  in 
a  plasma.  It  should  be  noted,  however,  that  the  NEEC  triggering  integral  cross 
section,  ICSneecn  which  can  be  found  from  Equation  (35)  by 


e  (p)Pm 


ICSnbec  —  S0^asl 


(1  +aSF)r™F 


si " 


(36) 


is  insensitive  to  reductions  in  the  cross  section  itself  due  to  broadening  of  any  kind, 
since  the  integral  remains  the  same  as  the  resonance  width  increases  accordingly. 
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In  the  opposite  limiting  case  when  the  energies  of  all  electrons  in  the  flux  are 
falling  into  resonance,  the  cross  section  for  triggering  of  nuclear  isomers  by  NEEC 
takes  the  form 


a  = 


(1  +asF)r'& 

r  r,s 


(37) 


where  F  is  the  energy  width  of  the  resonance  (Doppler  or  Stark). 

For  a  specific  nuclear  triggering  energy*  the  resonance  requirement,  £e  =  ESi  - 
£,,  can  be  satisfied  exactly  for  some  values  of  the  energies  of  incident  electrons  and 
the  ionization  energies  of  the  bound  electrons  after  capture.  Thus,  in  general  a  large 
number  of  atomic  orbitals  with  E[  <  Esi  could  participate  in  the  NEEC  process. 
Jn  addition,  since  electron  capture  could  in  principle  occur  into  a  shell  without  a 
hole  (for  instance,  in  the  case  of  a  partly  filled  electron  shell),  the  NEEC  process 
does  not  require  the  initial  bound  electron  state  to  be  excited.  Naturally,  the  NEEC 
probability  via  higher-lying  orbitals  tends  to  be  less  than  those  for  lower-lying 
ones  due  to  the  decrease  in  coupling  between  electrons  and  atomic  nucleus.  This 
means  that  the  partial  internal  conversion  coefficient  drops  and  one  might  expect 
a  reduction  in  the  NEEC  cross  section  (Equation  (37))  and  in  the  integral  cross 
section  (Equation  (36))  in  spite  of  an  increase  for  the  resonance  wavelength  of 
free  electrons  involved  into  the  NEEC  process. 

The  key  value  in  expressions  (36)  and  (37)  is  the  partial  internal  conversion 
coefficient  that  is  unknown.  This  makes  estimates  of  the  NEEC  probability 
extremely  uncertain. 


3.5.  NUMERICAL  ESTIMATES 

For  numerical  estimates  it  is  convenient  to  use  the  relations  X]  -  1 .50  x  10_l7/£e 
where  £e  and  Xc  are  measured  in  keV  and  in  cm,  respectively.  The  Doppler  width 
in  an  ensemble  of  nuclei  with  mass  number  A  can  be  easily  estimated  from  F]>  — 
7.1 1  x  10-7 Esis/T / A,  where  the  triggering  energy  ESi  and  F|>  are  measured  in 
keV  and  the  temperature  T  of  the  nuclear  ensemble  is  in  K. 

In  order  to  obtain  a  crude  numerical  estimate  of  the  NEEC  cross  section  (Equa¬ 
tion  (37))  and  the  integral  cross  section  (Equation  (36))  for  ^2Arnm,  we  assume 
that  the  NEEC  process  occurs  via  a  partly  filled  O-shell  with  £,  ~  0.1  keV. 
Then  the  resonance  electron  energy  in  a  beam  is  £e  ^  Esi  4.27  keV  and 
X]  =  3.52  x  10-18  cm2.  Since  r'ff  =  1.03  x  10“16  eV,  Vs  -  rj£  =  3.0  x  10”11 
eV  (Weisskopf  estimate)  and  F  =  Fp  =  3.4  x  10'  7  eV  at  temperature  T  —  300  K, 
we  obtain  F^j /  V  —  1.03xl0-13.  Unfortunately,  the  coefficient  of  internal  electron 
conversion  via  O-shell  of  ^2Amm  is  unknown.  Taking  into  account  that  the  O-shell 
electrons  are  weakly  bound  up  with  the  nucleus,  we  assume  somewhat  arbitrarily 
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a  value  —  10  \  Under  these  assumptions  and  using  the  estimates  Sq  ~  0-01 
and  r^(l  +clsf)/'Ts  ~  1,  we  obtain  for  the  NEEC  triggering  cross  section  by 
a  resonant  electron  beam  the  value  of  a  —  1.7  x  10”15  barns.  The  integral  cross 
section  (36)  for  ^2Arnm  can  be  estimated  to  be  ICSNef.c  =  0-9  x  10-20  bkeV. 


4.  Discussion  of  cross  sections  and  conclusion 


The  cross  sections  of  all  the  above  considered  non-rad iative  triggering  processes 
contain  the  reduced  transition  probability  for  the  first-step  nuclear  excitation, 
B(E(M)L\)7  from  an  isomeric  state  to  a  higher-lying  intermediate  state,  a  quan¬ 
tity  that  also  appears  in  expressions  for  radiative  nuclear  transitions.  However,  the 
electromagnetic  field  acting  on  an  isomeric  nucleus  during  non-radiative  triggering 
differs  in  various  respects  from  that  involved  in  triggering  by  externally- produced 
photons  radiation.  This  implies  certain  essential  differences  between  the  two  types 
of  triggering  mechanisms.  It  concerns,  first  of  all,  the  Coulomb  triggering  by  bom¬ 
barding  isomers  with  charged  nuclear  particles.  While  in  the  radiation  field  the 
magnetic  and  electric  field  strengths  are  of  equal  magnitude,  the  magnetic  field  of 
the  bombarding  particle  is  only  of  order  v/c  as  compared  with  the  electric  field. 
Therefore,  as  we  can  see  from  Equation  (5),  magnetic  excitation  cross  sections  are 
reduced  with  respect  to  electric  ones  by  a  factor  (v/c)2,  apart  from  differences  in 
the  nuclear  matrix  element. 

A  further  difference  is  connected  with  the  relative  contributions  of  the  vari¬ 
ous  multi  pole  components.  While  in  radiative  processes  the  relative  intensities  of 
consecutive  multipole  orders  involve  a  factor  [(&>/c)/?o]2>  where  co  —  AE/h  is 
the  frequency  of  the  trigger  transition  and  Rq  is  the  nuclear  radius.  Equation  (5) 
shows  that  the  corresponding  factor  in  Coulomb  excitation  is  (Rq/ci)2.  The  latter 
factor  is  much  larger  than  the  former  one  since,  according  to  Equation  (4),  we  have 
{co/c)a  —  (v/c)%  <<C  1 .  Therefore,  the  cross  section  for  Coulomb  excitation  does 
not  decrease  as  rapidly  with  increasing  multipole  order  as  does  the  cross  section 
for  radiative  nuclear  transitions.  This  is  of  great  importance  for  isomers  with  a 
trigger  transition  of  high  multipole  order.  For  instance,  the  isomer  ^Hf™2  with  as 
large  multipole  order  of  the  trigger  transition  as  E9  has  the  Coulomb  cross  section 
a  —  10” 15  bairns  for  triggering  by  a  beam  of  10-MeV  protons.  In  contrast,  the  cross 
section  for  triggering  by  externally-produced  resonance  X-ray  radiation,  given  by 
the  expression 


a  — 


c*-h  Gr/  (1  +<*sf) r& 
2n  T  rs 


(38) 


is  estimated  to  be  the  extremely  small  value  of  a  ^  10-105  barns  for  the  X-ray 
wavelength  kSf  =  1.8  x  10_b  cm  that  corresponds  to  the  triggering  energy  of 
0.07  keV  and  for  the  total  width  of  the  resonance  T  corresponding  to  the  Doppler 
width  To  =  6.5  x  10-8  keV  at  temperature  T  =  300  K.  For  the  isomer  ^2Amm, 
with  a  trigger  transition  of  E 2  multipole  order,  k$i  =  2.9  x  10-8  cm  and  fD  — 
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Table  fit  Numerical  estimates  ot  the  cross  sections  for  triggering  of  ^‘Amm  isomer 


Coulomb  triggering  cross 
section  (barns) 

NBHT  triggering  cross 
section  (barns) 

NHBC 

triggering  cross 
section  (barns) 

X-ray  radiation 
triggering  cross 
section  (bams) 

IQMeV 

proton  beam 

I  MeV 

proton  beam 

ionization 

with  X-ray 

radiation 

ionization 

with  electron 

beam 

resonance 

electron  beam 

resonance  X-ray 

radiation 

2.7  X  ur5 

2.7  X  icr6 

7.1  x  10”  17 

2,9  x  l(r 16 

1.7x  10“1-s 

2.6  x  10~h 

3.4x  J  0-6  keV  at  temperature  T  —  300  K,  the  difference  between  the  cross  sections 
is  not  so  impressive:  the  cross  section  for  triggering  by  a  beam  of  10-MeV  protons 
is  a  =  2.7  x  10“'s  bams,  whereas  the  cross  section  for  triggering  by  resonance 
X-ray  radiation  is  estimated  to  be  a  =  2.6  x  10~6  barns. 

The  relative  efficiencies  of  the  discussed  triggering  mechanisms  can  be  com¬ 
pared  explicitly  by  collecting  together  (Table  III)  the  cross  sections  for  the  isomer 

Am'n,  since  among  the  above  considered  nuclides  only  Amin  seems  trigger- 
able  by  any  of  these  mechanisms.  One  can  see  that  the  most  efficient  triggering 
occurs  with  beams  of  nuclear  particles  and  with  externally-produced  resonance 
X-ray  radiation. 

It  should  be  noted,  however,  that  in  typical  experiments  on  X-ray  radiation 
triggering,  devices  producing  bremsstrahlung  have  been  the  most  utilized.  It  is 
not  possible  with  continuous  spectra  to  measure  the  triggering  cross  section  to 
determine  the  absolute  and  relative  probabilities  of  the  reaction.  Instead,  the  nearly 
constant  spectral  intensity  over  the  absorption  resonance  leads  to  a  measurement 
of  the  integral  of  the  triggering  cross  section,  ICSX-ray>  and  its  expected  value  can 
be  estimated  from  the  expression 


ICS 


X-ray 


q ^si  p(D  ( '  +  as/Org 

4  S7  rs 


(39) 


In  particular,  for^2Amm  Equation  (39)  with  the  single-particle  Weisskopf  estimate 
for  the  partial  radiation  widths  gives  the  value  ICSx-ray  =  1 .4  x  10-1 1  b  keV  which 
is  9  orders-of-magnitude  greater  then  ICS^ec- 

Naturally,  for  correct  comparison  of  the  efficiencies  of  different  triggering  mech¬ 
anisms  in  a  specific  conditions  (for  instance,  in  laser- produced  plasmas)  not  only 
should  the  cross  sections  be  taken  in  to  account,  but  also  the  corresponding  fluxes 
in  likely  trigger  environments  (flux  of  charged  nuclear  particles,  fluxes  of  ioniz¬ 
ing  electrons  and  X-ray  radiation,  bremsstrahlung  produced  by  charged  particle 
motion,  etc.). 

It  should  be  noted  that  for  the  overwhelming  majority  of  isomers  the  reduced 
transition  probabilities  of  trigger  transitions  are  unknown.  The  empirical  values  of 
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the  nuclear  transition  probabilities  obtained  from  lifetime  determinations  of  gamma 
transitions  and,  thus,  the  actual  values  of  triggering  cross  sections  may  show  signif¬ 
icant  departures  from  the  above  estimates  based  on  the  single-particle  Weisskopf 
approximation.  For  instance,  electric  dipole  transitions,  which  have  been  observed 
in  low-energy  nuclear  spectra,  have  in  most  cases  transition  probabilities  many 
orders-of-magnitude  smaller  than  those  obtained  from  Weisskopf  estimates.  Tn  con¬ 
trast,  low-energy  electric  quadrupole  transitions  are  often  enhanced  as  compared 
with  single-particle  estimates.  So  E 2  transitions  with  a  strength  of  10-100  single 
particle  units  occur  systematically  in  most  regions  of  elements.  While  from  this 
point  of  view  the  ;^2Amin  isomer  with  E 2  trigger  transition  seems  immediately 
attractive,  it  may  have  a  significantly  decreased  trigger  transition  probability  due 
to  the  3-fold  excess  orientation  change  (i.e.,  due  to  the  effect  of  the  K  quantum 
number).  This  may  produce  a  reduction  of  the  transition  rate  and,  thus,  of  the  trig¬ 
gering  cross  sections  by  a  factor  of  as  much  as  103  —  104.  Thus  for  a  real  evaluation 
of  the  possibility  to  use  an  isomer  for  obtaining  the  triggered  gamma  emission,  it 
is  extremely  important  to  determine  experimentally  the  reduced  transition  proba¬ 
bilities  of  the  nuclear  transitions  involved.  However,  since  the  cross  sections  for 
triggering  a  particular  isomer  with  any  of  the  discussed  processes  involve  the  same 
reduced  transition  probability  for  its  trigger  transition,  one  can  be  certain  that  the 
above  estimates  give  a  correct  view  of  the  relative  efficiencies  of  the  considered 
triggering  mechanisms. 
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Photo-induced  depopulation  of  the  180Tam  isomer  via  low-lying  intermediate  states:  Structure  and 
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The  photo-induced  depopulation  of  the  quasistablc  isomer  (/  in5*1.2x  I015  yr)  in  ,si>ra  with  angular  mo¬ 
mentum  and  parity  Jn  =  9  at  an  excitation  energy  Ex  =  75  keV  was  studied  at  the  new  bremsstrahlung 
irradiation  facility  installed  at  the  Stuttgart  4.3  MV  dynamitron  accelerator  in  the  energy  range  of  brems¬ 
strahlung  end  point  energies  between  E0~ 0.8-3. 1  McV.  The  onset  of  the  isomer  depopulation  could  he 
observed  starting  at  an  end  point  energy  of  E0 ^  1  MeV,  i.e.,  at  an  intermediate  state  of  Ist,Ta  at  or  below  that 
energy.  Higher-lying  intermediate  states  were  found  at  1.22,  1.43,  1.55,  1.85,  2.16,  2.40,  2.64,  and  2.80  MeV. 

The  extracted  integrated  cross  sections  show  a  remarkably  strong  depopulation  of  the  m)Taw  isomer  by 
photoexcitation.  The  results  arc  compared  with  previous  experiments  and  recent  qua. si  particle-phonon  model 
calculations.  Implications  of  the  results  for  a  possible  nucleosynthesis  of  l80Ta  in  the  s  process  and  the  neutrino 
process  are  discussed. 

DOI:  10. 1 103/PhysRevC. 65 .035801  PACS  numbcr(s):  25.20.Dc,  23.20.Lv,  97.10.Cv,  27.70.  +  q 


I.  INTRODUCTION  AND  MOTIVATION 

Amongst  about  300  naturally  occurring  isotopes  there  are 
only  nine  with  odd  proton  and  odd  neutron  numbers.  The 
heaviest  of  them,  I80Ta,  owes  its  existence  to  a  low-lying 
isomer  at  an  excitation  energy  of  75  keV  while  the  ground 
state  is  unstable  (/l/2=  8.1  h),  see  Fig.  1 .  The  extremely  long 
half-life  (0/2^  1.2X  1015  yr)  results  from  the  large  spin  dif¬ 
ference  of  the  aligned  coupling  of  tt9/2[514]  +  v9/2[624] 
states  to  a  total  spin  J7T=9~  compared  to  the  antialigned 
7r7/2[404]  and  v9/2[624]  ground -state  (g.s.)  configuration 
leading  to  Jr7r=l+.  The  stretched  two-quasiparticle  nature 
makes  it  an  interesting  candidate  in  the  search  for  possible 
structure  effects  of  excitations  built  on  isomers  as  was  done, 
for  example,  in  studies  using  targets  of  the  famous  31  yr, 
J^=  16f  isomer  in  178Hf  [1-3]  or  radioactive  l74wHf  beams 
[4],  The  natural  abundance  of  I80Ta  presents  another  inter¬ 
esting  puzzle.  With  tantalum  being  the  rarest  element  and 
having  a  relative  abundance  of  0.012%  only,  l80Ta  is  nature’s 
rarest  (quasi)s table  isotope.  Despite  its  rarity,  its  nucleosyn¬ 
thesis  has  been  a  mystery  for  a  long  time  because  it  is  by¬ 
passed  by  the  main  production  processes  of  heavy  nuclei  [5]. 
However,  two  weak  paths  within  the  s  process  have  been 
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suggested.  One  possibility  would  be  (5  decay  of  the  J™ 
=  8  isomer  in  l80Hf  [6].  However,  present  experimental 
limits  exclude  significant  contributions  to  the  1H0Ta  abun¬ 
dance  by  this  process  [?].  Alternatively,  low-lying  states  in 
I79Hf  may  decay  to  179Ta  under  a- process  conditions,  and 
subsequent  neutron  capture  also  leads  to  INtVTa  [8].  The  latter 
scenario  requires  a  temperature  of  about  3><  108  K.  In  order 
to  quantify  this  path,  the  neutron  capture  cross  section  of  the 
radioactive  179Ta  (/1/2—  665  d)  needs  to  be  measured  [9]. 
The  neutron  capture  cross  section  of  580Taw  recently  was 
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measured  in  the  keV  energy  range  for  a  detailed  ^-process 
analysis  of  the  nucleosynthesis  of  180Tam  [10]. 

The  decay  properties  of  180Ta  may  be  considerably  modi¬ 
fied  in  the  stellar  environment  because  of  its  isomeric  nature. 
The  photon  bath  accompanying  the  s  process  can  depopulate 
the  isomer  by  resonant  photoabsorption  into  higher- lying  in¬ 
termediate  states  (IS’s)  with  a  branching  to  the  g.s.  (typically 
by  a  cascade  because  of  the  large  angular  momentum  differ¬ 
ence).  Such  an  electromagnetic  coupling  of  the  isomer  and 
g.s.  may  destroy  all  or  parts  of  the  synthesized  180Ta.  Thus, 
considerable  experimental  efforts  have  been  made  in  recent 
years  to  search  for  IS’s  of  astrophysicaJ  relevance. 

It  may  be  noted  that  the  resonant  depopulation  of  long- 
lived  isomers  is  also  discussed  as  a  possible  driving  mecha¬ 
nism  for  a  y-ray  laser  [11].  Recently,  it  has  been  demon¬ 
strated  for  the  nucleus  I03Rh  that  population  inversion  can  be 
achieved  in  resonant  photoabsorption  from  bremsstrahlung 
fields  [12].  The  nucleus  180Ta  is  one  of  the  rare  cases  where 
typical  cross  sections  can  be  determined  experimentally.  This 
provides  a  benchmark  for  the  critical  discussion  (see  Refs. 
[13-15])  of  recent  work  claiming  to  have  observed  resonant 
depopulation  of  the  3 1  yr,  J77-  16+  isomer  in  l78Hf  by  x  rays 
[16].  However,  recent  experiments  by  Ahmad  et  aL  [17] 
seem  to  rule  out  the  results  of  Ref.  [16]. 

Activation  measurements  have  been  performed  with  real 
photons  from  bremsstrahlung  [18-20]  or  strong  radioactive 
sources  [20-22]  and  with  Coulomb  excitation  [23-25].  The 
principle  of  detection  in  the  activation  experiments  is 
sketched  in  Fig.  1.  After  irradiation  one  searches  for  popula¬ 
tion  of  the  g.s.  by  its  specific  decay  features.  The  strongest 
decay  branch  is  by  electron  capture  to  the  g.s.  of  I80Hf  with 
the  signature  of  characteristic  Hf  x  rays.  There  are  also 
weaker  branches  populating  the  2+  states  in  ,80Hfand  180W. 
Direct  information  on  the  energies  and  cross  sections  of  IS’s 
can  only  be  extracted  from  measurements  of  excitation  func¬ 
tions  with  photon  beams  of  variable  energy. 

Alternatively,  18CVTa  has  been  studied  recently  in  great  de¬ 
tail  by  y  spectroscopy  [26-32].  Contrary  to  high-spin  stud¬ 
ies  after  fusion-evaporation  reactions,  these  investigations 
used  light-ion  and  light  heavy-ion  incomplete  fusion  reac¬ 
tions  to  enhance  the  sensitivity  in  the  spin  window  around 
7=9  of  interest  here.  A  wealth  of  spectroscopic  data  has 
been  obtained,  but  only  recently  has  there  been  a  concrete 
suggestion  [33]  of  a  connection  between  levels  and  transi¬ 
tions  seen  in  the  spectroscopic  data  and  the  intermediate 
states  observed  in  photoactivation  experiments.  Additionally, 
in-beam  Coulomb  excitation  experiments  were  performed 
[34,35].  A  recent  study  demonstrates  population  of  the  g.s. 
following  Coulomb  excitation,  but  the  IS  could  not  be  iden¬ 
tified  so  far  [35]. 

All  scattering  experiments  off  IS0Ta  are  limited  by  the 
extremely  low  natural  abundance  of  180Ta.  Here,  we  report  a 
new  photo-induced  depopulation  experiment  using  the 
world’s  resources  of  enriched  (to  5.45%)  I80Ta  material. 
Data  were  taken  at  the  high-current  Dynamitron  accelerator 
at  Stuttgart  with  a  setup  optimized  for  the  off-line  activation 
detection  [36],  This  allowed  for  the  first  time  to  extract  IS’s 
down  to  Ex**  1  MeV.  The  astrophysical  consequences  for  a 
possible  ^-process  production  have  been  discussed  elsewhere 


[38].  Additionally,  nuclear  resonance  fluorescence  (NRF) 
measurements  have  been  performed  with  the  enriched  target 
to  search  for  decay  branches  of  IS’s  back  to  the  J v  9 
isomer.  The  present  work  provides  a  full  account  of  the  ex¬ 
perimental  results  and  discusses  their  nuclear  structure  and 
astrophysical  implications. 

IT.  PHOTOACTIVATION  AND  PHOTON  SCATTERING 
TECHNIQUES  USING  BREMSSTRAHLUNG 

Photoactivation  (depopulation  or  population  of  long-lived 
isomers  in  photo-induced  reactions)  and  photon  scattering 
off  bound  nuclear  states  (nuclear  resonance  fluorescence) 
share  the  principal  advantage  of  a  well-known  reaction 
mechanism.  Model-independent  information  can  be  ex¬ 
tracted  from  both  kinds  of  experiments  since  both  the  exci¬ 
tation  (photoabsorption)  and  deexcitation  processes  (electro¬ 
magnetic  decays)  proceed  via  the  well-known 
electromagnetic  interaction. 

A.  Photoactivation  of  isomers 

Isomeric  states  which  differ  substantially  in  spin  from  the 
ground  state  cannot  be  depopulated  or  populated  directly  in 
photo -induced  reactions  due  to  the  low  transfer  of  angular 
momentum  by  photons.  Therefore,  the  photoactivation  pro¬ 
cess  has  to  proceed  indirectly  via  the  resonant  excitation  of  a 
higher-lying  excited  state,  a  so-called  intermediate  state  (IS). 
Its  decay  subsequently  can  feed  the  isomeric  or  ground  state, 
respectively,  via  electromagnetic  transitions  (y  transitions  or 
internal  conversion  processes). 

Unfortunately,  there  is  a  lack  of  monochromatic,  tunable 
photon  sources  of  high  spectral  intensity  at  MeV  energies. 
However,  the  availability  of  high-current,  low-energy  elec¬ 
tron  accelerators  can  provide  intense  bremsstrahlung  photon 
sources  which  can  be  used  for  improved  photoactivation  ex¬ 
periments  [36]. 

The  excitation  energies  and  strengths  of  the  IS  can  be 
extracted  from  bremsstrah lung-induced  activation  experi¬ 
ments  by  measuring  the  activation  yields  Y 8S  as  a  function 
of  the  bremsstrahlung  end  point  energy  £0.  Since  brems¬ 
strahlung  has  a  continuous  energy  distribution,  the  yields  are 
given  by  the  following  integral: 

Ybs(Eo)~  [ LQ<r(Ey)-NBS(E0tEy)-dEyt  (1) 
Jo 

where  a(Ey)  is  the  total  photoreaction  cross  section  as  a 
function  of  the  photon  energy  Ey>  corresponding  to  the  en¬ 
ergy  EIS  of  the  intermediate  state  above  the  75  keV  isomer. 
The  excitation  energy  Ex  relative  to  the  ground  state  of  tS()Ta 
is  given  by  £v  =  £/tV+75  keV.  The  quantity  N 8S(Ei)yE y) 
represents  the  continuous  bremsstrahlung  spectral  density 
with  an  end  point  energy  £0.  The  unquoted  constant  of  pro¬ 
portionality  is  determined  by  the  usual  quantities  such  as 
target  thickness,  detector  efficiencies,  and  the  functions  for 
the  irradiation  and  counting  times,  respectively. 

Low-energy,  thick  target  bremsstrahlung  spectra  [39] 
show  a  nearly  linear  shape  in  the  neighborhood  of  the  end¬ 
point  energy.  This  gives  rise  to  an  approximately  linear  yield 
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curve  for  one  IS  [40].  The  onset  of  the  yield  curve  is  given 
by  the  excitation  energy  EIS  of  the  first  IS.  Each  kink  in  the 
yield  curve  corresponds  to  the  excitation  energy  of  a  further 
IS.  The  change  of  slope  is  proportional  to  the  excitation 
strength  of  the  respective  IS  (see,  e.g.,  Ref.  [41],  and  refer¬ 
ences  therein). 

In  the  following  we  summarize  the  relations  needed  for 
the  description  of  the  depopulation  of  a  long-lived  isomer  by 
photoexcitation  (the  corresponding  expressions  for  the  popu¬ 
lation  of  isomers  can  be  found  elsewhere  [36,40-42]).  From 
the  yield  curve  analysis  the  total  detected  activity  I D  can  be 
extracted,  corresponding  to  the  integrated  cross  section  of  the 
IS  leading  to  a  depopulation  of  the  isomeric  state, 

/  irh'A 2  rfcSi 

/,,==M~e7J  1'/s,r  r"-  (2) 


Here,  F lS0  denotes  the  partial  decay  width  of  the  IS  back  to 
the  isomeric  state,  Fs,  ^  stands  for  the  total  decay  width  of  the 
IS  to  the  short-lived  ground  state  bypassing  the  isomeric 
state,  and  F  is  the  total  decay  width  of  the  IS.  The  spin  factor 
g [S  takes  into  account  the  statistical  weights  of  intermediate 
and  isomeric  states,  respectively: 


8/s~ 


2J,s+  1 
2  Jiso+  1 


(3) 


Recent  complementary  investigations  of  both  photoacti¬ 
vation  with  bremsstrahlung  of  variable  end  point  energies 
and  on-line  nuclear  resonance  fluorescence  experiments  have 
demonstrated  the  reliability  of  modem  photoactivation  ex¬ 
periments  and  their  analysis  [36,43].  However,  it  should  be 
emphasized  that  for  a  correct  analysis  of  the  yield  curve  all 
low-lying  IS’s  have  to  be  detected  or  known.  Otherwise,  the 
extracted  cross  sections  are  overestimated. 


integrated  scattering  cross  section  Iso  has  to  be  replaced  by 
the  corresponding  cross  section  Isjso  and  the  widths  F0  by 
T f so  ,  respectively. 

C.  Combined  analysis  of  photoactivation  and  photon 
scattering  experiments 

Photoactivation  and  NRF  experiments  complement  each 
other  in  an  ideal  way.  The  excitation  energies  and  strengths 
of  the  IS  can  be  determined  directly  and  rather  precisely,  in 
on-line  NRF  experiments.  However,  the  photo  activation 
technique  offers  some  unique  advantages  for  investigations 
of  the  depopulation  or  population  of  the  isomers.  The  pos¬ 
sible  low-level,  off-line  detection  of  the  activation  yields  and 
the  higher  available  photon  fluxes  at  irradiation  facilities,  as 
compared  to  the  well-collimated  narrow  photon  beams 
needed  in  photon  scattering  experiments,  enables  a  consider¬ 
ably  higher  detection  sensitivity. 

Whereas  in  NRF  experiments  on  nuclei  existing  in  a  long- 
lived  isomer  mainly  excited  states  with  a  predominant  decay 
to  the  isomeric  state  (rIS0IT^  1 )  are  observed,  in  photoac¬ 
tivation  experiments  IS’s  can  be  detected  with  decay  branch¬ 
ings  F^0/r<gl  which  populate  in  a  decay  cascade  the 
ground  state  bypassing  the  isomeric  state.  The  new  informa¬ 
tion  obtained  in  this  case  is  the  effective  branching  ratio 
Fgs  /F.  This  branching  ratio  FL,  S  /F  normally  cannot  be  de¬ 
termined  in  NRF  experiments.  Therefore,  photo  activation 
and  photon  scattering  experiments  are  complementaiy  spec¬ 
troscopic  methods.  In  the  most  favorable  case  where  the  in¬ 
termediate  state  can  be  observed  in  both  the  photon  scatter¬ 
ing  and  photoactivation  experiments,  the  ratio  of  the 
integrated  cross  sections  directly  provides  the  branching  ratio 
Fg.s./F rso  without  knowledge  of  the  angular  momentum  JIS 
and  the  total  width  F, 


h)  r  gSi 

h.iso  1  iso 


(4) 


B.  Photon  scattering 

Photon  scattering  nowadays  represents  an  established 
technique  in  nuclear  structure  physics.  In  NRF  experiments 
using  continuous  bremsstrahlung  as  a  photon  source  and 
stable  isotopes  as  targets  all  excited  states  with  a  sufficiently 
large  ground-state  decay  width  F0  are  excited  simulta¬ 
neously.  Such  experiments  provide  data  concerning  the  fol¬ 
lowing  spectroscopic  quantities:  Precise  excitation  energies 
Ex  can  be  extracted  from  the  spectra  of  the  scattered  photons 
and  the  integrated  scattering  cross  sections  fso  in  the  case  of 
ground-state  transitions  are  proportional  to  Tq/F.  Therefore, 
doe  ground-state  transition  widths  r0  and  the  total  widths  T 
of  the  excited  states  can  be  extracted  from  the  scattering 
intensities  if  all  decay  branchings  are  observed  or  known 
from  other  experiments.  These  quantities  can  be  converted 
into  reduced  transition  probabilities 

£(El)T,£(/V/l)t,fl(£2)T>  or  lifetimes  T=hfl\  The  for¬ 
malism  devScribing  photon  scattering  experiments  is  summa¬ 
rized  in  previous  reviews  [44,45].  In  the  present  case  of  pho¬ 
ton  scattering  off  a  target  nucleus  in  an  isomeric  state  the 


D.  Yield  curve  analysis 

The  yield  curves  measured  in  bremssfrah lung- induced  re¬ 
actions  have  to  be  transformed  into  the  photon uclear  cross 
sections  or  strength  distributions  of  interest  (in  the  case  of 
bound  states).  These  unfolding  procedures  have  a  long  tradi¬ 
tion  in  photonucleax  physics  (see,  e.g.,  Ref.  [46]).  Never! lie- 
less,  since  the  unfolding  in  principle  corresponds  to  a  differ¬ 
entiation  of  the  yield  curve  it  is  very  difficult  to  avoid  the 
generation  and  amplification  of  spurious  structures  and  oscil¬ 
lations  in  the  deduced  cross  sections  even  when  applying 
sophisticated  techniques  such  as  variable  energy  binnings 
and  smoothing  procedures  (see,  e.g.,  Ref.  [47]).  A  reliable 
unfolding  represents  a  tough  task  already  in  the  case  of  a 
rather  smooth  cross  section  curve,  like  giant  resonances,  but 
is  even  more  difficult  in  the  present  case  of  discrete  excita¬ 
tion  strengths  to  bound  states.  The  yield  curves  in  the  present 
experiments  were  taken  in  rather  wide  energy  steps.  In  view 
of  this  limited  number  of  data  points  and  their  scattering  due 
to  non-negligible  systematic  uncertainties  the  application  of 
complete  unfolding  procedures  seems  to  be  inappropriate. 
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Therefore,  a  simple  and  more  pragmatic  analysis  was  applied 
to  extract  the  integrated  cross  sections  l0. 

The  peak  areas  observed  in  the  photon  spectra  of  the  off¬ 
line  activation  measurements  were  normalized  for  the  corre¬ 
sponding  irradiation  and  counting  times.  Low  residual  activi¬ 
ties  eventually  existing  from  repeated  irradiations  of  the  sole 
enriched  sample  were  properly  corrected.  The  photon  flux 
and  the  photon  energy  distribution  were  calculated  for  each 
end  point  energy  by  Monte  Carlo  simulations  using  the  code 
GEANT  3.2 1.  These  calculations  were  experimentally  checked 
by  on-line  NRF  experiments  and  by  simultaneous  photoacti¬ 
vation  measurements  on  nsIn  [36].  From  the  onset  of  the 
activation  the  first  IS  was  assumed  at  about  1.01  MeV  above 
the  isomer.  In  the  following  analysis  the  excitation  energy  of 
1.01  MeV  was  used  as  a  starting  value  for  the  analysis  of  the 
first  part  of  the  yield  curve.  In  the  first  step  of  the  analysis  the 
data  points  up  to  the  first  kink  in  the  yield  curve  were  in¬ 
cluded.  The  energetic  position  of  the  lowest  IS  and  its  inte¬ 
grated  depopulation  cross  section  were  then  varied  to  deduce 
a  best  value  for  the  cross  section  of  the  first  IS  from  all  yield 
points  up  to  the  first  kink  (see  Fig.  5  below).  By  this,  the 
integrated  depopulation  cross  section  1 0  of  the  lowest  IS 
could  be  determined.  These  values  then  are  used  for  the  next 
step  in  the  data  analysis  where  the  yield  points  up  to  the 
second  kink  are  taken  into  account.  As  a  starting  value  the 
energetic  position  of  the  first  kink  is  taken.  Then  the  inte¬ 
grated  cross  section  1 0  is  calculated  for  all  yield  data  points 
up  to  the  second  kink  subtracting  the  contribution  of  the 
lower- lying  IS,  Both  the  energetic  position  E[S  and  the  inte¬ 
grated  cross  section  l0  are  varied  until  the  deduced  cross 
sections  are  constant  for  all  yield  points  considered.  This 
analysis  procedure  was  continued  step  by  step  from  kink  to 
kink  of  the  yield  curve  over  the  whole  energy  range  investi¬ 
gated  in  the  present  experiments  (see  Sec.  IV  C).  It  is  clear 
from  the  analysis  procedure  that  the  values  for  the  lower- 
lying  IS’s  have  a  strong  effect  on  the  results  for  the  higher- 
lying  ones,  leading  to  larger  errors  for  both  the  energies  EfS 
and  the  cross  sections  / D  . 

This  analysis  is  very  sensitive  to  the  energetic  position  of 
the  IS.  For  pronounced  kinks  a  variation  of  only  20  keV 
leads  to  a  much  worse  description  of  the  measured  yield 
points  (reflected  by  an  increase  or  decrease  of  the  deduced 
integrated  cross  section).  From  this,  the  errors  of  the  energies 
EfS  can  be  estimated  and  are  quoted  in  Table  I.  These  errors, 
depending  on  the  changes  of  the  slope  of  the  yield  curve,  are 
comparable  (20-60  keV)  to  the  uncertainties  for  the  absolute 
calibration  of  the  bremsstrahlung  endpoint  energy  of  about 
30  keV  [36].  This  type  of  analysis  has  been  checked  by  ap¬ 
plying  it  to  measurements  of  the  photoactivation  of  the 
u5Inm  isomer  [36],  where  the  energies  and  integrated  cross 
sections  of  the  IS’s  are  known.  The  good  agreement  of  the 
deduced  results  and  those  calculated  from  literature  data  [37] 
demonstrates  the  reliability  of  the  applied  analysis. 

III.  EXPERIMENTAL  DETAILS 
A.  Irradiation  facility 

At  the  bremsstrahlung  irradiation  facility  [36]  installed 
recently  at  the  Stuttgart  DYNAMITRON  accelerator,  typical  dc 


TABLE  l.  Intermediate  states  (IS’s)  observed  in  the  photo- 
induced  depopulation  of  1S0Taffl.  Given  arc  the  energies  £’,<>  of  the 
observed  intermediate  states  (with  respect  to  the  isomer  at  75  keV) 
with  their  uncertainties  from  the  yield  curve  analysis  (sec  text),  the 
total  integrated  depopulation  cross  sections  I D ,  and  the  branching 
ratios  F lS0-  FgiS  IT  [see  Eq.  (2)].  For  the  cross  sections  and  branch¬ 
ing  ratios,  statistical  and  systematical  errors  arc  quoted  separately 
(in  this  order). 


Els  (MeV) 

In  (eVb) 

g  is  ■  r 

iso ■  r  *.*  if 

( mcV) 

L.01  a 

0.057 

±  0.003 

±0.015 

0.015 

±0.001 

±  0.004 

1.22(2) 

0.27 

±0.02 

±0.07 

0. 103 

±  0.008 

±  0.027 

1.43(2) 

0.24 

±0.04 

±0.06 

0.126 

±  0.022 

±0.033 

1.55(3) 

0.70 

±0.09 

±0.18 

0.44 

±0.06 

±  0. 1 1 

1.85(5) 

1.11 

±0.14 

±0.29 

1.0 

1  0.1 

±0.3 

2.16(2) 

2.8 

±0.3 

±0.7 

3.3 

1  0.3 

±0.9 

2.40(6) 

3.5 

±0.6 

±0.9 

5.2 

±0.8 

±  1.4 

2.64(3) 

13 

±  1 

±3 

23 

±2 

±6 

2.80(4) 

36 

±2 

±9 

73 

±3 

±  19 

aFixed  by  the  onset  of  the  activation. 


electron  currents  of  400-450  /x A  could  be  used  on  the  wa¬ 
ter  cooled  bremsstrahlung  production  target  in  the  whole  en¬ 
ergy  range  of  interest  (0.8  -  4  MeV).  To  achieve  the  highest 
possible  photon  flux  the  distance  between  the  radiator  target 
and  the  Ta  samples  to  be  activated  was  only  about  9  cm.  The 
samples  could  be  transported  to  the  activation  location  by  a 
remotely  controlled  worm  driven  support.  Details  of  the 
setup  and  the  performed  calibrations  can  be  found  in  Ref. 
[36], 

B.  Ta  targets 

The  availability  of  a  highly  precious  Ta  sample,  represent¬ 
ing  the  world’s  stock  of  enriched  l8'Ta"'  material,  together 
with  the  new  irradiation  facility  dramatically  improved  the 
sensitivity  of  the  present  study  compared  to  older  ones.  In 
total  about  150  mg  of  Ta205  material,  enriched  to  5.45%  in 
180Tam,  were  available,  corresponding  to  about  6.7  mg  of 
1S0Tam.  In  view  of  the  high  price  of  the  material,  conven¬ 
tional  target  preparation  methods  like  tablet  pressing  could 
not  be  applied  since  this  technique  is  affected  with  appre¬ 
ciable  material  loss.  Therefore,  the  Ta205  powder  was 
packed  into  a  graphite  container  consisting  of  a  base  and  a 
cover.  The  target  area  was  I  cm2,  and  the  aieal  density 
amounted  to  123  mg/errr  of  Ta.  The  graphite  container  was 
fairly  transparent  for  photons  with  energies  of  more  than  50 
keV.  Therefore,  the  absorption  of  the  Hf  characteristic  x  rays 
by  the  graphite  cover  of  the  target  was  negligible.  The  target 
setup  is  described  in  more  detail  in  Ref.  [48]. 

Alternating  with  this  sole  enriched  target  assembly,  foils 
of  natural  Ta  metal  (diameter  20  mm  and  total  mass  of  Ta 
—  1.5  g,  corresponding  to  0. IB  mg  of  180Ta)  were  activated 
at  bombarding  energies  above  1.7  MeV  In  addition,  a  sample 
consisting  of  150  mg  natural  Ta2Ov  prepared  in  exactly  the 
same  way  as  the  enriched  target,  was  activated  at  higher 
bombarding  energies  around  3  MeV  to  verify  the  enrichment 
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factor.  Typical  irradiation  and  activation  counting  times  were 
about  two  half-lives  (12-20  h). 

C.  Photon  detection  system 

After  the  irradiations  characteristic  x  rays  and  nuclear  y 
rays  from  the  activated  samples  were  measured  offline  in  a 
separate  counting  room  using  two  well-shielded,  high- 
resolution,  low-energy  photon  (LEP)  detectors  facing  each 
other  [36].  The  planar  LEP  crystals  had  a  diameter  of  52  mm 
and  a  sensitive  volume  of  42  cm3.  Background  radiation 
was  efficiently  reduced  by  a  sophisticated  shield  made  of 
high-purity  copper  and  lead.  The  excellent  energy  resolution 
of  about  470  eV  at  55  keV  enabled  the  separation  of  the  Kal 
(55.79  keV)  and  Ka2  (54.61  keV)  characteristic  x-ray  lines 
of  lS0Hf  following  the  electron-capture  decay  of  the  ,HC>Ta 
ground  state  (see  Fig.  1).  The  relative  efficiencies  of  the  de¬ 
tectors  were  determined  using  a  133Ba  y  source.  At  59.5 
keV  the  absolute  efficiencies  were  measured  by  means  of  a 
calibrated  241  Am  source.  Total  absolute  efficiencies  of  about 
20%  and  28%  at  55  keV  could  be  achieved  for  both  detec¬ 
tors,  respectively.  The  estimated  relative  systematic  uncer¬ 
tainties  of  these  values  are  below  1 1%. 

D.  Photon  scattering  experiments 

Supplementary  photon  scattering  experiments  were  per¬ 
formed  likewise  at  the  bremsstrahlung  facility  of  the 
Stuttgart  accelerator  [44].  The  measurements  were  earned 
out  at  a  bremsstrahlung  end  point  energy  of  1.5  MeV  to 
achieve  an  optimal  sensitivity  at  low  excitation  energies 
around  1  MeV  where  the  lowest  IS  is  assumed  to  lie.  The  dc 
electron  currents  used  in  the  present  experiments  had  to  be 
limited,  due  to  the  thermal  capacity  of  the  radiator  target,  to 
values  ^420  /llA.  The  scattered  photons  were  detected  by 
three  high-resolution  Ge  y-ray  spectrometers  installed  at 
angles  of  about  90° ,  127°,  and  150°  with  respect  to  the 
incoming  bremsstrahlung  beam.  The  efficiencies  of  all  three 
detectors  amounted  to  about  100%  each,  relative  to  a  stan¬ 
dard  7.6  cmX7.6  cm  Nal(Tl)  detector.  The  energy  resolu¬ 
tion  of  all  detectors  was  typically  about  2  keV  at  a  photon 
energy  of  1.3  MeV.  Hie  Ge  detector  at  127°  in  addition  was 
surrounded  by  a  BGO  anti-Compton  shield  [49]  to  improve 
its  response  function  and  hence  to  increase  detection  sensi¬ 
tivity. 

In  a  first  measurement,  sheets  of  natural  Ta  metal  were 
used  as  targets  with  a  total  mass  of  1.797  g.  A  target  of  1.01 1 
g  of  LiF  served  as  photon  flux  monitor.  The  total  effective 
time  of  data  collection  in  this  measurement  was  2  days.  In  a 
second  run  the  enriched  target  sample  of  150  mg  Ta205  (en¬ 
riched  to  5.45%  in  ,80Tam)  together  with  the  LiF  material 
was  bombarded  for  about  10  days  at  the  same  end-point  en¬ 
ergy  of  1.5  MeV. 


TV.  RESULTS 

A.  Photon  spectra  of  activated  Ta  samples 

Figure  2  shows  examples  of  the  low-energy  y-ray  and 
x-ray  spectra  of  the  enriched  Ta  sample  from  photoactivation 


Photon  Energy  [keV] 

FIG.  2.  Low-cncrgy  y-ray  and  x-ray  spectra  of  the  enriched  Ta 
sample  from  photoactivation  at  £0  =  0.99,  1.06,  and  1.30  MeV  (a), 
(b),  and  (c).  The  Hf  characteristic  x  rays  are  labeled  by  K( ^  and 
AT^|2.  Background  lines  stemming  lfom  nuclear  y  transitions  in 
isotopes  of  natural  decay  chains  or  characteristic  x  rays  arc  marked 
by  the  corresponding  isotope  symbols.  In  the  top  panel  the  energetic 
position  of  the  Hf  Ka  lines  is  indicated  by  a  bold  arrow. 


at  the  low  bremsstrahlung  end  point  energies  of  0.99,  1.06, 
and  1.30  MeV.  The  Hf  characteristic  x  rays  of  interest  are 
labeled  Kai2  anc*  2-  or*S'n  °f  background  lines  is 
explained  in  the  caption  of  Fig.  2. 

The  top  panel  shows  the  photon  spectrum  of  the  enriched 
target  bombarded  with  bremsstrahlung  of  an  end  point  en~ 
ergy  E0  =  0-99  MeV.  Only  background  lines  are  visible.  At 
the  energetic  position  of  the  Hf  Ka  lines  of  interest,  marked 
by  an  arrow,  no  peaks  could  be  detected.  The  onset  of  the 
depopulation  of  the  lft<>Ta"'  isomer  has  been  observed  starting 
at  about  1.02  MeV.  In  the  middle  panel,  showing  the 
spectra  after  an  activation  with  E0—  1.06  MeV,  the  Hf  char¬ 
acters  x  rays  could  already  be  identified  unambiguously. 
The  spectrum  taken  after  an  activation  at  E$=  1.30  MeV  is 
shown  in  the  lowest  panel  and  exhibits  clearly  the  characteric 
x  rays  and  nuclear  y  transitions  specific  for  the  decay  of  the 
ground  state  of  I8CVTa.  The  spectrum  is  dominated  by  the 
well-resolved  Ka i  and  Ka^  lines  of  Hf  at  55.79  and  54.61 
keV,  respectively.  The  corresponding  Kp  and  K ^  peaks  are 
also  visible.  Unfortunately,  there  are  accidental  overlaps  of 
background  lines  (nuclear  y  transitions  following  the  de¬ 
cay  of  234Th)  with  the  £/3j  line  and  the  2  +  ->0+  y  transi- 
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the  activity  covered  about  eight  half-lives.  The  straight  line 
represents  a  least  squares  fit  to  the  data.  The  half-life  could 
be  determined  from  the  slope  rather  precisely  to  t\*£ 
=  (8.15±0.03)  h,  in  eood  agreement  with  literature  data 
[50]. 

To  search  for  further  possible  short-lived  isomers  in  1S(vTa 
two  evaluation  techniques  were  applied.  First,  a  decay  curve 
was  generated  from  the  list  mode  data  with  time  binnings  of 
10  min.  Covering  the  time  range  of  the  first  3.5  h  no  addi¬ 
tional  time  component  could  be  detected.  As  an  alternative 
evaluation,  the  technique  of  using  a  compressed  2 log  time 
scale  [52]  was  applied.  This  method  is  known  to  be  very 
sensitive  to  disentangle  different  time  components  in  decay 
curves  [52j.  Also  this  analysis  of  the  total  data  res u l ted  in  an 
excellent  fit  to  the  data  [53]  assuming  only  one  half-life,  The 
obtained  value  *,£=8.18(2)  h  was  in  perfect  agreement 
with  both  the  above-mentioned  result  of  the  traditional 
analysis  and  the  best  value  given  in  the  literature  [50].  There¬ 
fore,  the  existence  of  further  isomers  with  half-lives  larger 
than  a  few  minutes  and  essential  contributions  to  the  decay 
of  the  intermediate  states  can  be  excluded  on  the  basis  of  the 
present  experiments. 

C.  Activation  yields  and  integrated  depopulation  cross  sections 

The  relative  yields,  extracted  from  the  peak  areas  of  the 
l80Hf  Ka  lines  normalized  to  the  number  of  incident  elec¬ 
trons  and  to  the  irradiation  and  counting  times,  are  plotted  in 
Fig.  4  as  a  function  of  the  bremsstrahlung  end  point  energy. 
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FIG.  4.  Measured  yields  in  a  linear  scale  as  a  function  of  the  end  point  energy.  Shown  arc  the  peak  areas  of  the  Hf  Ka  lines,  normalized 
to  die  number  of  incident  electrons  and  the  irradiation  and  measuring  times  (see  text).  Up  to  end  point  energies  of  3.5  McV  (left  and  middle 
parts  of  the  figure)  the  enriched  sample  was  activated;  for  higher  bombarding  energies  metallic  natural  Ta  targets  could  be  used  (right  part 
of  the  figure).  The  ordinate  scales  are  properly  changed  to  allow  a  clearly  arranged  linear  presentation.  The  arrows  mark  die  kinks  in  the  yield 
curve  caused  by  the  different  intermediate  states.  The  hatched  area  in  the  right  part  of  the  figure  represents  the  sensitivity  limit  reached  in 
the  experiments  of  Collins  et  al.  (Ref.  [19]). 
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FIG.  3.  Measured  decay  curve  of  the  Hf  Ka  lines  after  photoac¬ 
tivation  of  the  enriched  Ta  sample  using  bremsstrahlung  with  an 
end  point  energy  of  3.1  MeV.  The  irradiation  time  was  about  10  h. 
The  statistical  uncertainties  of  the  data  points  are  smaller  than  the 
symbol  sizes. 

tion  in  the  residual  nucleus  180Hf,  respectively.  Therefore, 
the  analysis  was  restricted  to  the  Ka  lines. 

B.  Half-life  of  the  l80Ta  ground  state 

Additional  proof  for  observing  the  I80Ta  ground-state  de¬ 
cay  is  a  confirmation  of  the  lifetime  in  a  time  differential 
measurement.  The  results  are  depicted  in  Fig.  3.  The  en¬ 
riched  Ta  sample  was  irradiated  for  about  10  h  with  brems¬ 
strahlung  of  3.1  MeV  end  point  energy.  The  measurement  of 
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FIG.  5.  Integra  led  depopulation  cross  section  10  of  the  first  in¬ 
termediate  state  (IS)  according  to  the  analysis  of  the  lowest  six 
yield  data  points,  and  assuming  the  energetic  position  of  the  first  IS 
at  E{S—  1 .01  MeV  above  the  isomer  at  75  kcV. 

A  linear  scale  for  the  ordinate  was  chosen  for  better  visibility 
of  the  various  kinks.  Due  to  the  large  range  of  measured 
yields  the  figure  is  divided  into  three  parts.  The  correspond¬ 
ing  reduction  factors  for  the  scales  in  the  middle  and  right 
part  are  given  as  insets.  In  the  reduction  factor  of  the  right 
part  the  lower  180Ta  amount  of  a  factor  of  48  as  compared  to 
the  enriched  sample  is  ta.ken  into  account.  The  low-energy 
activations  were  performed  using  the  enriched  target  sample, 
while  for  end  point  energies  above  2.3  MeV  (right  part)  me¬ 
tallic  sheets  of  natural  Ta  could  be  used.  The  arrows  mark  the 
kinks  in  the  yield  curve  caused  by  the  various  IS’s  and  the 
corresponding  excitation  energies  EIS  are  given  in  MeV. 

The  availability  of  the  enriched  target  material,  together 
with  the  new  bremsstrahlung  irradiation  setup,  has  improved 
the  sensitivity  of  the  present  study  by  a  factor  of  about  4000 
compared  to  previous  experiments  (Ref.  [19],  and  references 
therein).  For  comparison,  the  sensitivity  limit  of  the  experi¬ 
ment  by  Collins  er  al  [19]  is  shown  as  a  hatched  area  in  the 
right  part  of  Fig.  4. 

The  quantitative  analysis  of  the  yield  curve,  explained  in 
Sec.  II D,  provided  the  numerical  results  summarized  in 


FIG.  6.  Spectrum  of  photons  scattered  off  the  enriched  180Ta'" 
sample  using  a  bremsstrahlung  beam  of  an  end  point  energy  of  1.5 
MeV,  Background  transitions  are  marked.  No  peak  which  may  be 
ascribed  to  transitions  in  iycTa  or  181Ta  could  be  observed. 


Table  I,  Given  are  the  excitation  energies  E}S  of  the  IS  and 
the  integrated  depopulation  cross  sections  ID  which  can  be 
expressed  in  terms  of  width  ratios  gfS-  T^o'  ,s ,/F.  The 
values  for  the  energies  EfS  and  the  integrated  cross  sections 
fD  were  obtained  from  fits  to  the  various  linear  sections  of 
the  yield  curve.  By  way  of  example,  the  resulting  best  fit  is 
shown  in  Fig,  5  for  the  data  available  to  determine  the  lowest 
IS  at  1.01  MeV  photon  energy. 

The  given  uncertainties  of  the  excitation  energies  EfS  are 
estimated  from  the  analysis  of  the  yield  curve  (see  Sec.  II  D). 
In  addition,  an  overall  uncertainty  of  the  order  of  30  keV 
exists  due  to  systematic  errors  in  the  absolute  calibration  of 
the  bremsstrahlung  end  point  energies.  The  errors  of  the  in¬ 
tegrated  cross  sections  are  dominated  by  the  systematical 
ones  due  to  the  necessary  absolute  calibrations.  The  relative 
error  of  the  photon  flux  calibration  amounts  to  about  10%, 
the  uncertainties  of  the  absolute  efficiency  determinations  of 
the  low-energy  photon  detectors  to  11%.  Furthermore,  the 
relative  intensities  of  the  I80Hf  Ka  lines  (per  g.s.  decay  of 
1S(vTa)  are  known  with  a  relative  precision  of  5%  only.  It  is 
obvious  that  the  systematical  errors  of  the  integrated  depopu¬ 
lation  cross  sections  increase  considerably  for  the  higher- 
lying  IS’s  due  to  unavoidable  error  propagation  in  the  yield 
curve  analysis.  For  these  reasons  statistical  and  systematical 
errors  are  quoted  separately  in  Table  I. 

D.  Results  from  photon  scattering  experiments 

The  first  photon  scattering  experiments  using  natural  Ta 
metallic  targets,  performed  with  bremsstrahlung  of  an  end 
point  energy  of  1.5  MeV,  failed  to  detect  any  excitation  in 
180Ta.  Obviously,  the  total  amount  of  I80Ta"'  (^0.2  mg) 
contained  in  the  natural  sample  was  much  too  small.  An 
estimate  of  the  integrated  scattering  cross  section  of  a  hypo¬ 
thetical  excitation  at  an  excitation  energy  around  1  MeV  pro¬ 
vided  a  rather  high  detection  limit  of  about  I  s 
^80000  eVb  only.  Therefore,  in  a  subsequent  photon  scat¬ 
tering  experiment  the  enriched  sample,  containing  in  total 
6.7  mg  of  180Ta"\  was  used  as  a  scattering  target.  Further¬ 
more,  the  period  of  data  collection  was  extended  to  10  days. 

Figure  6  shows  the  observed  spectrum  of  scattered  pho¬ 
tons.  The  marked  peaks  correspond  to  known  background  y 
rays.  Unfortunately,  none  of  the  peaks  observed  could  be 
ascribed  to  transitions  in  18CVIa.  Surprisingly,  also  no  low- 
energy  transitions  in  i8iTa,  which  made  up  95%  of  the  Ta 
sample,  could  be  detected.  Obviously,  there  is  a  lack  of  di¬ 
pole  strength  at  low  energies  and  the  stronger  dipole  excita¬ 
tions  in  181Ta  are  concentrated  at  higher  excitation  energies 
of  about  2.3  and  3.0  MeV,  as  observed  in  previous  photon 
scattering  experiments  off  18ITa  [5  I].  The  sensitivity  limit  in 
the  present  photon  scattering  experiments  was  estimated 
from  the  statistics  of  the  continuous  background  distribution. 
Requiring  a  peak  area  larger  than  a  2cr  deviation  of  the  cor¬ 
responding  background  counts,  no  excitation  in  the  most  in¬ 
teresting  energy  range  around  1  MeV  could  be  detected  with 
an  integrated  scattering  cross  section  of  7^200  eVb.  This 
limit  is  about  a  factor  of  400  lower  than  that  derived  from  the 
experiment  using  the  metallic  natural  Ta  sheets.  Neverthe¬ 
less,  it  is  still  four  orders  of  magnitude  larger  than  the  g.s. 


035801-7 


D.  BEL  1C  et  al. 


PHYSICAL  REVIEW  C  65  035801 


decay  branch  observed  in  the  photoactivation  experiment. 

V.  DISCUSSION 

A.  Comparison  with  previous  investigations 

Previous  measurements  of  180Ta  excitation  functions  by 
photoactivation  with  bremsstrahlung  have  been  reported  in 
Refs.  [19,54].  In  Ref.  [19]  an  onset  of  I80Ta  g.s.  decay  was 
observed  at  an  end  point  energy  of  about  2.8  MeV  and  IS’s  at 
2.8(1)  and  3.6(1)  MeV  were  deduced.  Because  of  the  coarse 
energy  steps  of  the  excitation  function  the  lower  IS  might 
correspond  to  the  intermediate  levels  at  E1S~  2.64  and  2.80 
MeV  from  the  present  work.  For  comparison  of  the  inte¬ 
grated  cross  sections  with  the  value  given  in  Ref.  [19]  the 
contributions  of  Jower-Jying  IS’s,  observed  for  the  first  time 
in  the  present  experiment,  must  be  subtracted.  After  the  cor¬ 
rection  an  integrated  cross  section  of  58(17)  eVb  is  found, 
about  50%  higher  than  in  the  present  work  but  still  within 
statistical  and  systematical  uncertainties  of  both  the  present 
data  and  that  of  Ref.  [19].  Karamian  et  al.  [54]  extended  the 
measurements  of  the  180Taw(%  y')  reaction  up  to  £0 
=  7.6  MeV  and  deduced  the  g.s.  population  branching  ratio 
as  a  function  of  E0. 

Isomer  depopulation  by  strong  radioactive  60Co  sources 
has  also  been  searched  for  [20-22].  Only  in  Ref.  [22]  was  a 
weak  positive  signal  observed.  However,  subsequent  mea¬ 
surements  with  an  improved  detection  setup  confirmed  the 
result  with  much  better  statistics  [55].  Because  the  photon 
flux  was  determined  using  1I5In  as  a  reference  (see  Ref. 
[36]),  the  measured  yield  can  be  converted  to  an  integrated 
cross  section  for  an  excitation  energy  close  to  the  dominant 
IS  in  1I5In  at  Ex=  1.078  MeV  resulting  in  lD 
=  0.13(4)  eVb.  The  larger  value  with  respect  to  the  low¬ 
est  IS  found  in  the  present  work  (cf.  Table  1)  can  be  under¬ 
stood  from  the  additional  contribution  of  the  next- higher  IS 
at  E[S=  1.22  MeV.  With  reasonable  assumptions  about  the 
photon  flux  at  the  higher  energy  the  findings  of  Refs.  [22,55] 
are  in  agreement  with  the  results  presented  in  Table  I. 

A  comparison  of  the  photoexcitation  results  to  those  of 
Coulomb  excitation  experiments  is  less  straightforward.  In 
general,  Coulomb  excitation  functions  are  less  sensitive  to 
the  excitation  energy  of  the  IS  and  contributions  of  several 
IS’s  cannot  be  decomposed.  However,  because  of  the  strong 
excitation  energy  dependence  of  the  Coulomb  excitation 
cross  section  it  is  reasonable  to  assume  that  only  a  single  IS 
(lowest  in  energy)  is  responsible  for  the  observed  yield.  The 
32,36S  induced  experiments  of  Schlegel  et  al.  [23]  indicated 
EfS^  1  MeV,  but  the  Hf  K  x-ray  signal  was  hampered  by  a 
strong  Ta  x-ray  signal  resulting  from  fi  decay  produced  in 
background  reactions.  Depopulation  of  the  isomer  was  also 
observed  in  light-ion  induced  Coulomb  excitation,  but  the 
data  suggested  a  significantly  higher  energy  at  EiS 
^2.2  MeV  [24],  Recent  experiments  using  36S  and  64 Ni 
beams  and  enriched  targets  find  a  clear  signal  compatible 
with  an  IS  at  £/s  —  1.08(4)  MeV  [25,56].  One  should  note 
the  different  selectivity  of  Coulomb  excitation  where  E2  and 
E 3  transitions  are  favored.  This  might  explain  the  nonobser¬ 
vation  of  the  lowest  IS.  For  example,  assuming  an  M  1  tran¬ 
sition  Coulomb  excitation  would  be  negligible, 
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FIG.  7.  Summed  experimentally  determined  transition  rates 
(full  line)  in  comparison  with  the  results  of  the  calculations 
by  Soloviev  et  al.  (Refs.  [57,58]),  sec  the  hatched  line. 


B.  Comparison  with  theoretical  calculations 

The  theoretical  description  of  heavy  odd-odd  nuclei  is 
particularly  difficult  due  to  the  complicated  interplay  of 
single-particle  and  collective  degrees  of  freedom.  Neverthe¬ 
less,  Soloviev  [57]  has  studied  the  exc Ration  spectrum  of 
collective  vibrations  built  on  the  Jn  =  9  and  Jn=  16  h  high- 
spin  isomers  in  l80Ta  and  17yHf,  respectively,  in  the  frame¬ 
work  of  the  quasiparticle-phonon  model  (QPM)  in  a  de¬ 
formed  single-particle  basis.  Recently,  also  the 
photodeexcitation  process  of  180Tam  was  treated  by  extend¬ 
ing  the  model  space  to  include  collective  excitations  built  on 
the  g.s.  and  a  calculation  of  all  possible  transitions  between 
these  groups  of  states  [58]. 

The  transition  rate  W  for  one  excited  state  is  given  by 


Sir  ^  L  +  1 

ft  it  L[(2L~  l)!!]2 


jfi  w 


For  the  multipolarities  relevant  for  photon  scattering  this 
leads  to 


W(El)=  1.59X  I015E-VB(E1)T,  (6) 

W(E2)=  1.22X  10y£'V  B(E2)  [, 

W{M\)=\.16X  lO^Ey  -  B(M  1 )  j , 

where  W  is  in  units  of  1/s,  Ey  is  in  MeV,  and  the  reduced 
transition  probabilities  are  in  ez  fm2L  for  electric  and  in  jj,~N 
for  magnetic  transitions. 

The  total  transition  rate  W(ol  for  the  two-step  process  of 
the  excitation  of  an  IS  and  its  decay  to  the  vibrational  states 
built  on  the  ground  state  can  be  calculated  from  the  experi¬ 
mentally  measured  integrated  cross  section  l D  using  F,q.  (2), 

(  E  \ 2 

VV,o;=l.52X1015-/,,-^)  ,  (7) 

where  l0  is  in  units  of  eV  fm2. 

For  comparison  of  the  experimental  data  with  the  QPM 
calculations  [58],  the  hatched  line  in  Fig.  7,  the  total  transi- 
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tion  rate  summed  over  the  contributions  of  all  IS’s  up 

to  a  certain  excitation  energy  was  calculated.  The  results  are 
plotted  in  Fig.  7  as  a  solid  line. 

Below  £v=2.7  MeV  the  QPM  calculations  find  very 
little  coupling  between  isomer  and  ground  state.  A  sudden 
onset  is  observed  around  2.7  MeV  related  to  the  decisive  role 
of  two-phonon  excitations.  These  strong  contributions  are 
theoretically  explained  as  a  three-step  process:  In  the  first 
step,  IS’s  are  excited  by  fast  dipole  transitions  through  one- 
phonon  components  of  the  wave  functions  of  the  vibrational 
states  built  on  the  isomer,  while  the  second  step  is  dominated 
by  collective  E2  transitions  from  two -phonon  components  of 
these  states  to  the  one-phonon  vibrational  states  built  on  the 
ground  state.  The  third  step  is  a  complicated  y  cascade  from 
the  vibrational  states  to  the  t80Ta  ground  state. 

However,  even  at  higher  energies,  where  significant  tran¬ 
sition  rates  are  calculated  in  Ref.  [58],  the  data  are  underpre¬ 
dicted  by  about  two  orders  of  magnitude.  One  possible  ex¬ 
planation  for  this  shortcoming  could  be  the  assumption  of  K 
symmetry.  This  may  approximately  hold  for  energies  below 
Ex—  I  MeV,  but  at  higher  excitation  energies  K  mixing 
might  be  expected  to  increase  the  transition  rates  consider¬ 
ably.  A  dramatic  reduclion  of  K  hindrance  factors  has  been 
observed  for  multi-quasi-particle  isomers  in  the  A  =  180 
mass  region  (see,  e.g.,  Ref.  [59])  and  complete  K  mixing 
near  the  neutron  binding  energy  has  been  observed  [54].  The 
systematics  reveal  a  striking  dependence  on  the  energy  rela¬ 
tive  to  the  yrast  level  indicating  statistical  mixing  as  the  most 
important  source  [60].  For  excitation  energies  of  more  than 
2.5  MeV  above  the  yrast  line  (note  that  the  isomer  in  I80Ta  is 
the  9"  yrast  state)  these  results  suggest  that  K  hindrance 
plays  a  limited  role  only. 

Another  QPM  calculation  for  180Ta  has  been  performed 
by  Alexa  et  aL  [61]  limited  to  lower  excitation  energies  but 
including  Coriolis  mixing.  Because  of  the  latter,  some  IS 
candidates  appear  below  1.5  MeV,  but  the  transition  rates  are 
again  much  smaller  than  found  experimentally. 

C.  Astrophysical  implications:  the  nucleosynthesis  of  ,80Taw 

As  pointed  out  in  the  introduction,  the  nucleosynthesis  of 
18(VTa-  is  a  yet  unsolved  problem.  The  production  mecha¬ 
nism  is  not  clear  but  possible  paths  have  been  predicted  for 
the  5  process  [8],  the  v  process  [62],  and  the  p  process  [63]. 
The  relevance  of  the  present  work  lies  in  the  experimental 
information  on  an  electromagnetic  coupling  between  the 
long-lived  isomer  and  the  short-lived  ground  slate.  Depend¬ 
ing  on  the  temperature  of  the  stellar  environment,  the  photon 
bath  present  during  the  different  processes  may  effectively 
depopulate  the  isomer  and  destroy  parts  or  all  of  synthesized 
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/.  s -pro cess  considerations 

The  role  of  the  isomer  depopulation  in  5-process  scenarios 
has  been  discussed,  in  detail  in  Ref.  [38].  Therefore,  we  re¬ 
strict  ourselves  here  to  one  particular  aspect.  The  present 
results  largely  exclude  5-process  production  of  180Tam  with 
typical  temperatures  deduced  from  branching  points  in  the 
canonical  model  [5].  However,  within  the  most  advanced 


Temperature  T  [108K] 

FIG.  8.  Reduction  of  the  l80Tam  effective  half-life  in  the  pres¬ 
ence  of  a  stellar  photon  bath  deduced  from  the  photoactivation  cross 
sections  measured  in  the  present  experiments  assuming  the  lowest 
IS  at  excitation  energies  of  1.01,  0.8,  and  0.6  MeV  above  the  iso¬ 
mer,  respectively.  Thermal  energy  ranges  expected  under  .s -process 
conditions  arc  indicated  (\\\)  for  the  canonical  model  (Ref.  [5]) 
and  for  a  more  realistic  model  (Ref.  [64])  which  distinguishes  burn¬ 
ing  phases  (///)  where  different  (a,«)  reactions  serve  as  neutron 
sources,  see  text. 

dynamical  models  [64]  freshly  synthesized  180Ta  can  survive 
because  of  strong  convection  with  a  time  scale  still  shorter 
than  the  effective  lifetime  at  maximum  5-process  tempera¬ 
tures  of  about  3  X  108  K.  At  these  temperatures  the  effective 
lifetime  is  almost  exclusively  determined  by  the  energy  of 
the  lowest  IS.  It  must  be  noted  that  the  available  data  do  not 
permit  to  distinguish  whether  the  onset  of  isomer  depopula¬ 
tion  at  1  MeV  is  due  to  the  lowest  IS  or  due  to  reach¬ 
ing  the  sensitivity  limit  of  the  experiment.  The  yield  data 
(Fig.  4)  could  alternatively  be  interpreted  as  arising  from  an 
IS  at  even  lower  energy  with  corres  ponding  I  y  smaller  inte¬ 
grated  cross  sections. 

The  impact  of  such  an  assumption  is  demonstrated  in  Fig. 
8.  The  effective  half-life  is  shown  as  a  function  of  the  photon 
bath  temperature  for  the  properties  of  the  lowest  IS  (at  EfS 
=  1.01  MeV)  deduced  from  the  data  and  assuming  lower 
energies  Els=  800  and  600  keV  with  ID  corrected  to  account 
for  the  measured  yields.  The  typical  temperature  regimes  of 
the  canonical  and  dynamical  5- process  models  are  shown  as 
hatched  areas.  Even  at  the  lower  temperatures  assumed  in  the 
dynamical  model,  for  22Ne(ovz)  induced  synthesis  the  ef¬ 
fective  half-life  of  l80Ta  would  be  reduced  to  the  g.s.  half- 
life  for  £/s^700  keV  precluding  any  production.  Note  that 
the  burning  phases  with  neutron  production  by  the  l3C(  a  jt) 
reaction  do  not  contribute  to  the  I80Ta  synthesis  because  the 
temperature  is  too  low  to  induce  f3  decay  from  excited  states 
in  ,79Hf  [8]. 
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Due  to  the  strong  energy  dependence  new  experimental 
efforts  to  lower  the  sensitivity  threshold  would  be  of  consid¬ 
erable  importance. 

2.  Neutrino  nucleosynthesis 

As  an  alternative  astrophysical  site  for  the  production  of 
18C>Ta  Woosley  et  al.  proposed  the  neutrino  nucleosynthesis 
in  a  type  II  supernova  [62].  As  the  newly  born  neutron  star 
remnant  cools  mainly  by  neutrino-pair  production  with  ap¬ 
proximately  equal  luminosities  for  all  three  neutrino  flavors, 
the  outer  shells  of  the  star  are  subjected  to  immensely  high 
fluxes  of  neutrinos.  For  the  neutrino  nucleosynthesis  neutral- 
current  reactions  by  vx  neutrinos  (customarily  used  for  su¬ 
pernova  v ^  and  vr  neutrinos  and  their  antiparticles  which  all 
have  quite  similar  distributions)  are  of  special  interest  as  they 
have  noticeably  larger  average  energies  {{Ev  )~25  MeV) 

than  supernova  ve  and  ve  neutrinos  ((£,,)— 12  MeV, 
{£")~16  MeV,  see  Ref.  [65]).  Inelastic  scattering  by  vx 
neutrinos  dominantly  excites  nuclei  to  levels  above  particle 
thresholds.  The  subsequent  nuclear  decays,  mainly  by  proton 
or  neutron  emission,  contribute  to  the  element  synthesis  of 
the  daughter  nuclides.  It  has  been  observed  that  supernova 
neutrino  nucleosynthesis  can  become  a  significant  produc¬ 
tion  process  for  the  daughter  nuclide  if  one  wants  to  explain 
abundance  ratios  of  parent  to  daughter  which  exceed  about 
103  [66].  In  that  case  a  ppm  (or  less)  neutrino  spallation  of 
the  parent  is  sufficient  to  explain  the  abundance  of  the 
daughter.  Obviously  the  process  does  not  affect  the  parent 
abundance. 

One  such  pair  of  nuclides  is  181Ta  and  180Ta  with  an  ob¬ 
served  abundance  ratio  of  R~  180Ta/ l81Ta  =  1 .2X  10~4. 
Woosley  et  al  proposed  that  I8()Ta  can  be  made  by  (  vx,vxn) 
reactions  on  preexisting  l81Ta  [62],  As  the  actual  site  for  the 
lH(>Ta  production,  these  authors  identified  the  neon  burning 
shell,  which  is  also  the  site  of  the  p  (or  gamma)  process, 
where  explosive  burning  leads  to  photodisintegration  of  nu¬ 
clei  existing  in  these  mass  zones  from  prior  burning  during 
stellar  evolution.  At  larger  stellar  radii,  the  inelastic  scatter¬ 
ing  rate,  which,  due  to  its  dependence  on  the  neutrino  flux, 
scales  inversely  with  the  square  of  the  radius,  is  too  small 
while  at  smaller  radii,  the  produced  I80Ta  is  destroyed  by 
photodissociation  when  the  shock  wave  passes  subsequently 
through  the  neon  shell  and  heats  the  matter  to  a  few  109  K. 
In  their  nucleosynthesis  calculations  Woosley  et  al  find  an 
overproduction  rate  of  the  l80Ta/l81Ta  abundance  ratio  in 
massive  stars  which  would  be  sufficient  to  explain  the  ob¬ 
served  abundance  of  180Ta,  This  study,  however,  has  been 
based  on  a  rather  crude  estimate  of  the  total  inelastic  neutrino 
scattering  cross  section  on  I8lTa  which  was  obtained  from 
the  estimate  of  the  56Fe  cross  section  by  scaling  with  the 
ratio  of  mass  numbers  [62].  This  estimate  is  likely  too  large 
for  at  least  two  reasons:  (i)  While  calculations  reveal  that  the 
total  inelastic  neutrino  scattering  cross  section  for  supernova 
vx  neutrinos  indeed  scales  approximately  with  the  mass 
number,  it  is  the  partial  l8lTa (vxtv'Kn)  cross  section  which 
matters  for  the  neutrino  nucleosynthesis  of  l80Ta.  This  partial 
cross  section  is  noticeably  smaller  than  the  total  cross  section 
as  most  of  the  Gamow-Teller  excitations  are  below  the  neu¬ 


tron  threshold  in  l8lTa  (£„j-  7.6  MeV),  while  part  of  the 
forbidden  strength  is  expected  to  be  located  above  the  two- 
nucleon  threshold  17.9  MeV.  (ii)  After  neutrino  nu¬ 

cleosynthesis  and  passage  of  the  shock  wave  only  a  fraction 
of  the  180Ta  will  be  in  the  isomeric  state  and  will  thus  sur¬ 
vive. 

Recalling  the  strong  sensitivity  of  the  180Ta  s -process 
abundance  on  details  of  the  astrophysical  s  process  and 
hence  its  potential  importance  as  a  constraint  for  the  site  and 
dynamics  of  the  process,  it  is  obviously  quite  relevant  to 
determine  how  much  IS0Ta  can  be  produced  by  alternative 
astrophysical  sites,  e.g.,  by  neutrino  nucleosynthesis.  For  that 
reason  we  have  performed  a  detailed  calculation  of  the 
18lTa(  vx ,  v'n)  cross  section.  We  assume  a  two-step  process. 
In  the  first  step  the  l8lTa(rq  ,rq.)18lTa*  cross  section  is  cal¬ 
culated  as  a  function  of  excitation  energy  in  l8lTa  within  the 
random  phase  approximation.  The  l81Ta  ground  state  is  de¬ 
scribed  in  the  spherical  approximation  assuming  equal  fill¬ 
ings  of  all  rn  states  in  the  valence  shell.  This  approximation 
is  reasonable  as  the  vx  neutrinos  mainly  excite  collective 
modes  which  are  not  too  sensitive  to  detailed  nuclear  struc¬ 
ture  [67],  Details  of  the  model  and  the  adopted  formalism 
can  be  found  in  Refs.  [68,69].  As  residual  interaction  a  zero- 
range  Landau -Migd a  1  interaction  is  chosen.  For  the  super¬ 
nova  vx  neutrinos  a  Fermi -Dirac  spectrum  with  temperature 
7=  8  MeV  and  zero  chemical  potential  is  adopted.  These 
neutrinos  are  already  energetic  enough  that  the  dependence 
of  the  multi  pole  operators  on  the  momentum  transfer  has  to 
be  taken  into  account.  Here,  we  follow  the  formalism  derived 
in  Ref.  [70]  and  consider  multipole  excitations  with  spin  up 
to  7  =  4  and  both  parities. 

In  the  second  step  for  each  final  state  with  well-defined 
energy  the  branching  ratios  into  the  various  decay  channels 
are  calculated  using  the  statistical  model  code  smoker  [71]. 
Possible  final  states  in  the  residual  nucleus  considered  by  the 
smoker  code  are  experimentally  known  levels  supplemented 
at  higher  energies  by  an  appropriate  level  density  formula 
[71].  As  decay  channels  the  code  considers  proton,  neutron, 
and  o'  and  7  emissions.  If  the  decay  leads  to  an  excited  level 
of  the  residual  nucleus  (e.g.,  to  n  +  l80Ta*),  we  calculate  the 
branching  ratios  for  the  decay  of  this  state  in  an  analogous 
fashion.  Keeping  track  of  the  energies  of  the  ejected  particles 
and  photons  during  the  cascade,  and  weighting  them  with 
appropriate  branching  ratios  and  the  corresponding 
18lTa(  vt  vr)  18lTa*  cross  section,  the  various  partial  particle 
and  photon  spectra  are  determined.  The  branching  ratios  are 
found  to  be  quite  insensitive  to  the  spin  assignments  of  the 
decaying  states.  This  allows  us  to  sum  over  the  different 
multipole  contributions  before  multiplying  with  the  branch¬ 
ing  ratios. 

A  total  inelastic  cross  section  for  supernova  vx  scattering 
off  I8ITa  of  1 44 X  10'  43  cm2  is  deduced.  Note  that  this  cross 
section  per  nucleon  is  very  close  to  the  56Fe  cross  section  per 
nucleon,  given  in  Ref.  [72].  About  37%  of  the  cross  section 
lies  below  the  neutron  threshold,  corresponding  mainly  to 
Gamow-Teller  excitations.  The  excited  states  decay  by 
gamma  emission  back  to  the  18lTa  ground  state  and  thus  do 
not  contribute  to  the  18(>Ta  production.  The  excited  states 
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above  the  neutron  threshold  decay  by  neutron  emission,  as 
the  large  Coulomb  barriers  severely  suppress  decay  into  the 
proton  and  a  channels.  However,  in  about  one  third  of  the 
cases  the  neutron  emission  populates  the  daughter  nucleus 
lsaTa  in  an  excited  state  above  its  respective  neutron  thresh¬ 
old.  Thus,  these  states  decay  again  by  neutron  emission, 
leading  to  states  in  179Ta  and  hence  also  do  not  contribute  to 
the  ,80Ta  production.  We  thus  find  a  partial  mTa(  vx,  vfxn) 
cross  section  of  57 x  10“ 42  cm2  for  reactions  which  lead  to 
particle-bound  states  in  180Ta  and  will  end  up  either  in  the 
ground  state  or  in  the  long-lived  isomer.  Our  cross  section  is 
smaller  than  the  one  used  by  Woosley  et  al  by  a  factor  of 
4.2.  The  lifetimes  of  both  states  are  long  compared  to  the 
time  which  proceeds  between  neutrino  nucleosynthesis  in  the 
neon  shell  and  arrival  of  the  supernova  shock  wave.  The 
shock  wave  will  heat  the  matter  to  temperatures  in  excess  of 
109  K  which  is  hot  enough  to  bring  the  ground  state  and  the 
isomeric  state  into  thermal  equilibrium.  Neglecting  freeze- 
out  effects  and  assuming  a  temperature  of  T~  109  K  leads  to 
about  13%  population  of  the  produced  I80Ta  nuclei  in  the 
isomeric  state. 

Inserting  these  cross  sections  into  the  model  of  Ref  [62], 
the  net  production  rate  of  ,8t)Ta  by  neutrino  nucleosynthesis 
is  about  a  factor  of  6  smaller.  The  resulting  overproduction 
rate  for  the  I80Ta/I81Ta  abundance  ratio  makes  neutrino  nu¬ 
cleosynthesis  still  a  potential  lS0Ta  production  site.  It  would 
be  quite  welcome  if  this  crude  estimate  is  followed  up  by 
detailed  nucleosynthesis  calculations  using  the  improved 
neutrino  cross  sections.  Finally  we  remark  that  production  of 
i80j>a  ky  charge -CUrTent  reactions  on  lR0W  or  I80Hf  is  rather 
unimportant  since  for  the  ve -induced  reaction  on  180Hf  the 
cross  section  is  strongly  reduced  due  to  the  appreciable  neu¬ 
tron  excess,  while  the  (ve,e~)  reaction  on  I8aW  does  not 
contribute  since  the  180W  abundance  is  two  orders  of  mag¬ 
nitude  smaller  than  the  18ITa  abundance. 

3.  p-process  nucleosynthesis 

As  yet  another  alternative  to  the  s  process,  a  p-process 
origin  of  180Ta  has  been  proposed  [63].  Because  of  a  delicate 
balance  between  180Ta  production  and  destruction  by  (y,n) 
reactions  it  works  only  in  a  constrained  temperature  window 
around  T—  2  X  IQ9  K  [73]  and  is  therefore  strongly  depen¬ 
dent  on  the  underlying  model.  Because  of  the  higher  tem¬ 
peratures  with  respect  to  the  s  process,  higher- lying  IS’s  may 
be  important  for  the  effective  half-life.  This  has  to  be  imple¬ 
mented  in  further  analyses  of  the  p-process  nucleosynthesis 
of  IK0Ta. 
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VI.  SUMMARY  AND  OUTLOOK 

The  present  work  provides  a  comprehensive  study  of  the 
depopulation  of  the  long-lived  isomer  lst)Ta"'  by  resonant 
photoabsorption  for  bremsstrahlung  end  point  energies  below 
3  MeV.  With  the  improved  experimental  setup  and  the  use  of 
the  world's  stock  of  isotopically  enriched  18(>Ta  material  an 
unprecedented  sensitivity  could  be  reached.  This  allowed  the 
identification  of  IS’s  with  sizable  integrated  cross  sections 
down  to  excitation  energies  of  about  1  MeV. 

With  reasonable  assumptions  on  the  branching  ratio  of 
IS’s  between  decay  to  the  g.s.  and  back  decay  to  the  isomer 
one  finds  rather  large  electromagnetic  transition  probabilities 
typical  of  unhindered  transitions.  This  implies  considerable 
K  mixing  already  at  low  energies.  Theoretical  interpretations 
of  this  phenomenon  are  presently  missing.  Microscopic 
QPM  calculations,  while  providing  a  satisfactory  description 
of  collective  excitations  built  on  the  isomer,  underprcdict  the 
g.s.  decay  by  about  2  to  3  orders  of  magnitude. 

The  astrophysical  implications  of  the  present  results  for 
explosive  production  scenarios  need  further  exploration.  Ex¬ 
perimentally,  new  measurements  with  improved  experimen¬ 
tal  limits  would  be  of  high  importance  to  provide  a  final 
answer  to  the  still  open  possibility  of  an  s- -process  synthesis 
of  18(VTam. 

Finally,  the  combination  of  NRF  and  photoactivation 
techniques  at  the  new  facility  at  Stuttgart  certainly  represents 
an  important  step  for  further  studies  on  nuclear  structure  as 
well  as  astrophysical  problems.  An  interesting  application  for 
the  latter  could  be  176Lu  which  has  been  shown  to  be  a 
thermometer  of  the  s  process  due  to  the  occurrence  of  a 
low-lying  IS  [74,75]. 
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Abstract.  We  propose  to  perform  a  series  of  experiments  involving  nuclear  isomers  which  will  investigate  the 
probabilities  and  mechanisms  for  de-exciting  the  isomeric  level  down  to  the  ground  state  upon  exposure  to  external 
radiation  in  the  form  of  fast  neutrons  and  bremsstrhalung  x  rays.  The  isomers  have  half-lives  on  the  order  of  J  hr  to  10 
days  which  is  a  convenient  time  scale  to  measure  statistically  meaningful  changes  in  the  specific  activities  of  the 
isomeric  state.  Furthermore,  the  selected  isomers  are  relatively  easy  to  produce  in  our  laboratory  in  sufficient  quantities 
so  that  they  can  be  made  in  a  reasonable  time  frame  and  without  recourse  to  any  exotic  means  of  production,  handling  or 
preparation  and  without  the  need  for  high-purity  separated  isotopes  as  the  feedstock.  We  believe  that  studies  undertaken 
in  this  fashion  will  produce  fundamentally  valuable  information  on  the  factors  which  govern  and  influence  “forced- 
gamma  emission”  in  nuclear  isomers  This  type  of  information  will  potentially  be  very  useful  in  similar  studies 
involving  longer-lived  isomers  such  as:1  ,lim2Hf,  ‘ '"'!llAm  and  ,0fimAg  which  have  the  potential  to  be  used  in  various 
emerging  new  technologies  in  the  later  part  of  the  2  T1  Century. 


INTRODUCTION 

Recently,  there  has  developed  serious  interest  in 
the  nuclear  physics  community  to  study  nuclear 
isomers  from  not  only  the  point  of  view  of  nuclear 
structure  phenomena  but  also  as  a  means  of  producing 
technologically  valuable  devices  mostly  for  use  as 
compact  power  sources  that  require  a  minimum 
amount  of  auxiliary'  and  supporting  machinery  and 
equipment.  The  isomers  which  would  be  used  in  these 
type  of  power  devices  would  all  have  half-lives  in  the 
tens  to  hundreds  of  years  regime  and  therefore  would 
allow  them  to  be  stored  on-the-shelf "  for  long 
periods  of  time.  When  it  was  desired  to  release  the 
stored  energy  of  the  isomeric  levels  in  brief  time 
interval  it  has  proposed  that  exposing  the  specific 
isomer  to  an  external  radiation  of  the  right  energy  will 
result  in  transitions  from  the  isomeric  state  to  nuclear 
levels  that  are  no  longer  forbidden  to  cascade  viay-ray 
emission  to  the  ground  state. 

This  process  of  applying  suitable  external  radiation 
to  an  isomer  and  then  observing  the  “ normal ”  y-ray 
decay  to  the  ground  state  has  been  termed  triggering , 


and  that  is  the  term  by  which  this  process  has  become 
known  widely.  While  there  are  many  known  isomers 
which  have  the  potential  to  serve  as  excellent 
candidates  to  observe  this  phenomena  of  triggering  , 
in  only  case,  lh0mTa  (l)  has  this  been  observed 
unequivocally.  Another  isomer  in  this  mass  region, 
i7Sm2Hf  has  drawn  a  significant  amount  of  attention 
in  terms  of  experimental  efforts  to  determine  the 
probability  to  trigger  forced -gamma  emission  in  it.  In 
particular,  the  efforts  have  been  directed  to  determine 
the  probability  for  its  triggering  using  x  rays  in  the  20- 
130  kev  region,  with  reports  that  the  decay  of  l7^m2Hf 
can  be  produced  by  using  x  rays  as  low  as  20  keV  in 
energy.  Studies  using  synchrotron  radiation  have 
attempted  to  measure  the  cross  section  for  triggering 
using  radiation  in  this  energy  range. 


ISOMERS  SELECTED  FOR 
“ TRIGGERING ”  STUDIES 

We  have  selected  eight  isomers  to  be  used  in  thish 
study  of  triggering  probabilities  and  mechanisms. 
They  are  in  increasing  mass  order:  87mSr,  l03niRh, 

Cd ,  ,1SmIn,  lS9mOs,  and  l99otHg.  The  values  of 
tj/2  for  these  isomers  ranges  from  42.6  min  for  K>9lllHg 
up  to  57.4  d  for  125mTe.  All  of  these  isomers  can  be 
produced  via  fast  neutron  inelastic  scattering,  n,n’y 
from  the  ground  state  directly  to  isomeric  level  or  from 
the  ground  state  to  excited  states  which  are  strongly 
coupled  to  the  isomeric  level.  In  certain  instances  we 
hope  to  be  able  to  determine  the  probabilities  for  the 
these  two  processes  as  a  function  of  neutron  energy  to 
proceed  in  most  of  these  selected  isomers.  In  all  cases, 
we  have  prepared  samples  of  these  isomers  previously 
in  our  laboratoty  by  exposing  suitable  amounts  of 
nuclei  to  our  fast  neutron  beam  and  counting  the 
normal  decay  of  the  particular  isomer.  The  cross 
sections  for  producing  these  isomers  (regardless  of 
which  mechanism  is  responsible)  is  varies  from  0.2  -  2 
bams  in  the  energy  range  of  0.3  -  3  MeV.  This  is  an 
energy  range  easily  accessible  with  our  accelerator- 
based  fast  neutron  source. 

In  addition  to  fast  neutron  triggering  studies  which 
will  be  applied  to  all  of  the  selected  isomers,  there 
exists  the  possibility  that  some  of  these  isomers  may 
be  triggered  using  bremsstrahlung  x  rays.  These 
isomers  must  possess  energy  levels  that  are  separated 
by  less  than  200  keV  in  energy  so  that  the 
bremsstrahlung  x-ray  source  available  at 
NSWC/Carderock  can  be  used  to  study  triggering. 

Experimental  MethodsTo  Determine 
Triggering  Probabilities  and  Mechansims 

The  experiments  to  be  performed  at 
NSWC/Carderock  to  determine  if  forced-gamma 
emission  i.e”  triggering”  is  either  occurring  or  has 
occurred  can  be  divided  into  two  types:  a)  the  method 
of  determining  'bumup”  which  is  a  measurement  of 
the  specific  activity  of  the  isomer  before  and  after 
exposure  to  the  triggering  radiation  source.  If 
triggering  has  occurred  (and  minimal  or  zero 
production  of  the  isomer  has  occurred  simultaneously) 
then  the  specific  isomer  activity  should  be  less  then 
what  would  be  expected  from  the  normal  y  decay  .  b) 
In-beam  measurements  of  y-ray  transitions  taking 
place  while  the  external  radiation  is  applied  to  the 
isomer. 


This  method  is  applicable  only  in  the  case  of  photon 
triggering  and  not  for  triggering  brought  about  through 
the  njTy  process.  The  reason  is  that  the  amount  of 
background  y-rays  produced  from  inelastic  scattering 
from  other  levels  which  are  not  related  to  the  isomer  is 
much  too  large  and  thereby  overwhelms  the 
probabilities  of  observing  y-ray  cascades  which  would 
be  indicative  of  triggering  events  taking  place.  The 
photon  method  is  much  more  “gentle”  in  terms  of  the 
number  of  states  which  can  be  populated  both  in  the 
isomer  and  from  ground  state  levels.  Therefore 
coincident  measurements  of  y-rays  will  be  attempted  at 
NSWC  using  the  suitable  isomers  which  seem  to  have 
the  possibilities  for  x-ray  triggering  based  on  the 
knowledge  of  the  appropriate  values  AE,  tire  energy 
difference  between  the  isomeric  level  and  a  level 
which  is  strongly  connected  to  a  cascade  to  the  ground 
state  and  on  angular  momentum  considerations  such 
that  the  transition  form  the  isomeric  level  to  the 
intermediate  level  is  favored  and  then  of  course  that 
the  transition  from  this  intermediate  level  to  the 
ground  state  is  favored.  This  set  of  processes  if  of 
course  the  definition  of  triggering.  The  final  transition 
from  the  intermediate  level  can  either  proceed  directly 
to  the  ground  state  or  to  the  ground  state  by  a  series  of 
y-ray  transitions,  i.e.  a  cascade. 

Properties  Of  The  Selected  Isomers 

The  isomers  listed  above  fall  into  two  kinds  of 
groupings  based  on  a  generalized  assessment  of  their 
nuclear  properties.  These  properties  are  a  function  of 
the  mass  of  the  nuclide,  A  and  where  it  appears  in  the 
periodic  table,  as  a  function  of  2.  The  first  group 
contains  nuclei  with  A  <  1 16  and  Z  <  50.  The  second 
group  has  A  >  1 25  and  Z  >  5 1 .  In  fact,  besides  12imTe 
the  majority  in  this  group  has  1 88  >  A  <  200.  ft  is  this 
particular  region  of  the  periodic  table  where  isomeric 
stoi ctu res  and  their  relationship  to  the  overall  trend  in 
nuclear  shape  and  level  structure  becomes  increasingly 
complex  and  hence  deserving  of  study. 

The  first  group  consisting  of  the  lighter-mass 
isomers  are  so-called  spin  isomers  (3).  These  nuclei 
have  single  unpaired  nucleon  spins  which  are  couple  to 
specific  values  of  the  orbital  angular  momentum  based 
on  the  properties  of  the  orbitals  that  they  occupy. 
These  orbitals  are  generally  “out-of-place”  in  terms  of 
their  relative  positions  regarding  the  energy  and 
angular  momentum  schemes  taking  place  inside  their 
respective  nuclei.  An  inversion  can  be  thought  to  be 
taking  place  where  these  “intruder”  states  become 
lower  in  energy  that  the  normal  situation  that  would  be 
predicted.  This  inversion  places  the  isomeric  level  in  a 


position  where  it  is  isolated  energetically  from  states 
with  similar  values  of  angular  momentum,  i.e.  states  to 
which  7-ray  transitions  would  be  most  favored  given 
the  typical  selection  rules.  These  selection  rules 
generally  place  severe  restrictions  on  electromagnetic 
transitions  which  require  changes  in  angular 
momentum  with  values  greater  than  3  (4), 

As  an  example  consider  the  43  min  lllmCd  isomer 
whch  has  the  isomeric  state  at  396  keV  above  the 
ground  state.  The  isomeric  level  has  a  spin  of  1 1/2- 
while  the  ground  state  is  at  spin  lA+,  A  transition 
between  the  two  states  requires  the  emission  of  a  7  ray 
with  3  units  of  angular  momentum  and  this  is  the 
primary  reason  for  the  43  min  value  of  tl/2.  However'  a 
level  at  only  20.5  keV  exists  above  the  isomeric  level 
with  spin  of  7/2+ .  This  level  at  416.7  keV  is  strongly 
connected  to  the  first  excited  state  at  245  keV  with 
spin  of  5/2+,  the  downward  7-ray  transition  between 
them  is  100%.  This  means  that  of  all  the  so-called 
spin  isomers  selected  only  this  particular  20.5  keV 
transition  has  the  potential  to  bring  about  triggering 
using  the  bremsstrahlung  x-ray  source  at  our  disposal 
due  to  the  reasonably  small  change  in  angular 
momentum  between  the  isomeric  state  and  the 
triggering  level  and  the  small  value  of  AE. 

The  other  spin  isomers  mentioned  have  energy 
spacing  between  the  isomeric  level  and  possible 
triggering  levels  that  is  not  possible  to  use  the  x-ray 
source  at  NSWC  to  bring  about  triggering.  For  these 
other  spin-isomers  the  only  alternative  is  to  use  the 
n,n’y  mechanism.  Fortunately,  fast  neutrons  with 
significantly  larger  energy  are  available  using  the 
NSWC  tandem  Pelletron  and  fast  neutrons  are  capable 
of  providing  larger  inputs  of  angular  momentum  via 
inelastic  collisions  than  photo-absorption  can.  As 
much  as  8  units  of  angular  momentum  can  be 
transferred  using  neutrons  in  the  1  MeV  energy  range 
while  with  photons  the  limit  is  3  units. 

In  the  case  of  the  second  grouping  of  isomers  the 
angular  momentum  considerations  based  on  isomer 
formation,  stability  and  potential  de-excitation  are 
more  complicated.  This  is  due  to  the  more  complex 
interaction  and  arrangement  of  nuclear  levels  based  on 
angular  momentum  coupling  which  goes  beyond  the 
simpler  considerations  of  single  particle-orbital 
angular  momentum  coupling.  Collective  angular 
momentum  of  the  entire  nucleus  becomes  significant 
and  introduces  new  quantum  numbers  which  in  turn 
place  new  restrictions  on  the  possible  electromagnetic 
transitions  that  are  possible.  This  phenomena  of 
collective  motion  results  in  typical  band  structures 
based  on  collective  excitations  (typically  rotational 
excitations)  as  was  the  case  with  the  spin  isomers 


inversion  of  the  normal  patterns  can  occur  in  terms  of 
angular  momentum  (now  collective  or  rotational 
angular  momentum  values)  and  energy  sequencing. 

Collective  states  nearby  to  each  other  may  then 
interact  in  such  a  way  as  to  produce  mixing,  i.e.  lose 
their  distinctive  angular  momentum  qualities  so  that 
electromagnetic  transitions  have  a  greater  probability 
of  occurring  then  what  we  have  been  predicted  at 
lower  energies.  These  effects  may  be  further  enhanced 
as  the  interactions  between  single  particle  motion 
become  more  strongly  coupled  to  the  collective 
motions  at  the  highest  observable  energies.  The 
possible  y-ray  transitions  would  become  less  hindered 
due  to  considerations  and  restrictions  based  on 
changes  in  angular  momentum.  This  mixing  would 
then  allow  for  rapid  7-ray  transitions  down  to  the 
ground  state. 

These  kind  of  phenomena  would  be  expected  in 
nuclei  in  which  shape  coexistence  is  possible  as  well 
as  transitions  between  nuclear  shapes.  Especially 
attractive  is  the  situation  where  quasi-continua  are 
either  known  or  would  be  expected  to  exist.  It  is  these 
kind  of  states  brought  about  by  the  nuclear  dynamics 
of  shape  changes  at  high  spin  and  high  excitation 
energies  that  may  provide  important  and  stimulating 
information  about  the  mechanisms  and  probabilities  of 
triggering.  Additionally,  this  kind  of  information  may 
be  very  valuable  in  designing  triggering  schemes  for 
the  potentially  technologically  attractive  isomers  such 
as:  m,ll2Hf,  M!,1,Am,  and  l77mLu.  All  of  these  isomers 
have  collective  and  rotational  angular  momentum 
considerations  attached  them  in  terms  of  their  isomer 
levels  and  for  potential  triggering  modes. 

All  of  the  isomers  of  this  second  grouping,  the 
collective/rotational  isomers  have  nuclear  excited 
states  with  sufficiently  small  values  of  AE  that  they 
can  be  reached  using  the  NSWC  bremsstrahlung 
source  so  that  they  can  not  only  be  studied  via  the 
n,n’y  process  (in  bumup  mode)  but  they  can  also  be 
studied  with  triggering  photon  excitation  in  both  the 
bumup  and  coincident  in-beam  mode. 

Finally  these  isomers  would  be  ideal  to  study  at 
high  excitation  energies,  ca,  2-3  MeV,  with  the  most 
energetic  neutrons  available  from  our  accelerator- 
based  source.  As  previously  mentioned  in  these  types 
of  nuclei  the  possibilities  exist  that  these  high-energy 
states  based  on  band  structures  have  the  desired 
properties  of  mixing  levels  and  would  lead  to  an 
enhancement  in  the  forced-gamma  emission  process. 


Experimental  Approach 

The  two  major  experimental  facilities  available  at 
NSWC  for  these  studies  are  1)  the  3  MV  tandem 
Pelletron  accelerator  which  produces  fast  neutrons  by 
either  the  7Li(p,n)7Be  reaction  and  the  9Be(p,pn)24He 
reaction.  These  reactions  have  both  been  used 
extensively  in  the  past  for  a  variety  of  neutrons 
experiments  and  exposures  over  a  period  of  nearly  ten 
years  of  continuous  operation.  These  two  fast  neutron- 
producing  reactions  will  be  used  first  to  prepare 
quantities  of  the  particular  isomer  via  the  n,n’y 
process. 

After  suitable  times  of  irradiation  depending  on  the 
production  cross  sections  and  the  value  of  t,^  for  the 
particular  isomer,  the  samples  will  have  their  specific 
isomer  activity  measured  at  NSWC  with  a  Ge(Li)  y- 
ray  detector  for  an  appropriate  time  depending  on  tt/2- 
Then  the  sample  will  be  reintroduced  into  the  fast 
neutron  beam  produced  by  either  of  the  proton- 
induced  reactions  mentioned  previously. 

Again  depending  on  the  amount  of  isomer  material 
produced  and  its  characteristic  tl,2  it  will  re-irradiated 
with  fast  neutrons.  This  may  be  done  with  different 
samples  at  a  variety  of  different  neutron  energies. 
Then  the  samples  will  have  their  isomer  activity 
remeasured  to  determine  if  bumup  has  taken  place  and 
if  it  has  to  what  extent.  In  this  fashion  a  traditional 
excitation  function  (or  for  this  kind  of  study  a  “de- 
excitation  function”)  will  be  generated.  We  reiterate 
that  although  doing  in-beam  measurements  of  the  y- 
ray  spectra  in  particular  doing  y-y  coincidence 
measurements  would  be  the  ideal  method  of  providing 
definitive  information  concerning  triggering 
mechanisms  it  is  not  possible  in  this  instance  primarily 
due  to  the  relative  small  concentration  of  isomer  (ppm- 
ppb’s)  in  the  total  mass  of  sample. 

This  means  that  only  indirect  evidence  for  the 
states  participating  in  triggering  will  be  obtained. 
Furthermore,  studies  of  the  behaviour  of  the  isomer 
production  cross  section  using  the  n,n’y  process  will 
have  to  be  undertaken  first  as  a  function  of  energy  to 
ascertain  what  the  “ build-up  “  factor  for  each  isomer  is 
as  a  function  of  neutron  energy  before  determining  the 
burnup  factor  as  a  function  of  neutron  energy.  All  of 
the  selected  isomers  will  be  produced  using  the  n,n’y 
method  and  all  will  be  measured  for  bumip  by 
exposure  to  neutrons  suitable  to  cause  de-excitation. 
We  have  discussed  previously  how  fast  neutrons  are 
far  less  selective  in  causing  excitation  then  photons  so 
that  a  much  larger  array  of  potential  triggering  states 
and  mechanisms  would  be  available  through  their  use 
then  with  x  rays. 


The  available  fluxes  of  fast  neutrons  from  the  two 
reactions  are  ca.  109-10‘°  n/cm2/s  at  a  position  right 
behind  either  the  Li  or  Be  target  (a  distance  of  about  I 
cm).  For  instances  where  it  may  be  worthwhile  to 
investigate  isomer  production  or  burnup  with  neutron 
energies  lower  than  300  keV  ,  suitable  moderators 
such  as:  high-purity  graphite  or  D20  are  available. 

In  the  case  of  photo-absorption  type  measurements 
of  triggering  the  isomers  to  be  studied  are:llImCd, 
l2SmTe,  llWmOs,  l9lmIr,  145ml>t  and  IM“Hg.  The  other 
isomers  have  values  of  AE  too  large  to  be  useful  with 
the  x-ray  source  available  at  NSWC  (7).  In  all  of  these 
cases  both  burnup  first  and  then  in-beam  coincidence 
measurements  will  be  performed. 

The  NSWC  bremsstrahlung  source  is  capable  of 
delievering  7  x  101CI  photons/cnrf/see  at  a  distance  of 
10  cm  from  the  W  target.  It  is  a  Phillips  MG  225  x-rat 
source  which  has  and  endpoint  energy  of  225  keV  and 
a  maximum  intensity  of  photons  at  160  keV. 

Conclusions 

An  attempt  will  be  made  using  the  facilities  of 
NSWC/Carderock  to  study  systematically  some  of  the 
fundamental  issues  and  parameters  involved  in  the 
triggering  of  nuclear  isomers.  A  variety  of  isomers 
each  with  slightly  different  nuclear  properties  will  be 
used.  All  of  these  isomers  can  be  produced  in 
sufficient  quantity  at  the  NSWC  tandem  accelerator 
facility  without  resort  to  extraordinary  means  or 
expense.  After  producing  them  using  the  n,n’y  method 
the  isomers  will  be  studied  systematically  by  exposing 
them  to  a  range  of  fast  neutron  energies  for  de- 
excitation  function  measurement  and  a  selected 
number  having  the  right  energy  spacings  will  be 
studied  for  x-ray  triggering  probabilities. 
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The  prospects  for  using  nuclear  isomers  as  a  new  type  of  nuclear  fuel  are  based  on 
the  existence  of  nuclei  with  long-lived  metastable  states  and  specific  energy  content 
of  many  tens  of  megajoules  per  gram  [1,2]. 

The  lifetimes  of  isomeric  metastable  states  are  long  and  sometimes  come  to 
hundreds  and  even  thousands  of  years.  This  is  because  the  corresponding  decau 
transitions  are  very  strongly  forbidden,  in  particular  due  to  large  spin  differences 
between  levels.  So  the  main  task  that  must  be  solved  if  one  wishes  to  release  the 
stored  isomer  energy  is  to  bypass  this  hindrance. 

One  of  the  possible  ways  to  do  this  is  to  carry  out  a  so-called  “anti-Stokes'1 
radiative  transition  that  includes  two  transitions  occurring  in  series.  The  first  one 
excites  the  isomer  nucleus  from  a  metastable  state  up  to  a  higher-situated  auxiliary 
level,  often  called  an  intermediate  state.  The  second  one  is  a  downward  transition 
from  the  auxiliary  level  to  the  ground  state,  or  at  least  to  a  level  which  will  begin  a 
cascade  toward  the  ground  state.  So  the  strongly  forbidden  transition  is  bypassed.  The 
anti-Stokes  radiative  transition  having  a  stimulated  second  step  was  often  investigated 
with  application  to  nuclear  gamma-ray  lasing  ([3-8]  and  a  lot  of  another  papers). 
There  are  many  well-known  experimental  efforts  to  observe  the  driven  decay  of 
metastable  isomer  states  [1,9-16]. 

An  alternative  way  to  release  the  isomeric  energy  is  connected  with  a  two-quanta 
radiative  transition  ignited  by  two  external  counter-propagating  gamma-photon  beams 
with  a  quantum  energy  equal  to  one  half  the  metastable  state  energy.  This  approach 
leads,  in  fact,  to  replacing  the  small  probability  transition  with  large  spin  difference 
by  two  joined  transitions  with  twice  lower  spin  differences  [17-22].  It  is  important 
that  the  counter- propagating  stimulating  photon  beams  make  possible  a  two-quanta 
emission  process  for  all  the  nuclei  independent  of  their  chaotic  velocities.  This  is 
evident  from  the  laws  of  energy  and  momentum  conservation  applied  to  the 
mentioned  two- quanta  emission  process: 
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Here  Eq.  is  the  transition  energy,  M  is  the  nucleus  mass,  a>]  2  are  the  frequencies  of 

the  two  counter-propagating  photons  with  difference  50)  =  ^  -<x>2,  w  is  the  individual 

nucleus  velocity  component  along  the  first  photon  wave  vector,  and  c  is  the  speed  of 
light.  One  can  see  that  all  the  nuclei  with  different  chaotic  individual  velocities  u  are 
involved  in  the  emission  process  only  if  8(i  -  0 . 

In  a  single- quantum  process,  this  chaotic  behaviour  of  nuclei  would  cause 
undesirable  Doppler  line  broadening  that  leads  to  a  drastic  decrease  of  the  gain  and 
the  efficiency  of  the  total  energy  release  process.  The  two- quanta  approach  is  free 
from  this  negative  feature.  This  is  quite  similar  to  the  well-known  method  of  sub- 
Doppler  spectroscopy. 

Recent  progress  in  the  development  of  high-reflectivity  xray  mirrors  [23]  renews 
interest  in  this  two- quanta  radiative  driving  of  isomer  decay  because  a  Fabry-Perot 
resonator  makes  it  possible  to  intensify  the  process  due  to  the  combined  stimulating 
action  of  external  gamma  beams  and  the  intra -resonator  photon  fields.  We  present 
here  the  main  results  of  the  theoretical  analysis  of  such  a  combined  driving  process 
including  data  on  emission  dynamics,  CW  and  pulsed  mode  of  operation,  stability 
criteria,  etc. 

To  investigate  the  emission  dynamics  we  consider  a  very  simple  model  setup 
consisting  of  an  active  medium  of  length  L,  with  concentrations  n2  and  nx  of 
metastable  and  ground-state  nuclei,  respectively,  and  with  two  mirrors  having 
reflection  coefficients  R0  and  RL ,  placed  at  the  points  z  =  0  and  z-L.  An  external 
ignition  beam  with  the  photon  flux  density  J^n  (cm2  s  1  per  natural  line  width) 

penetrates  into  the  medium  through  the  semitransparent  mirror  at  the  point  z  -  0  „ 

The  time  behaviour  of  the  output  photon  flux  density  Jou((l)  through  the  mirror 
with  R  =  Rl  and  total  difference  in  nucleus  concentration 

L 
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is  governed  by  two  equations: 


dJoM. 


dt 


and 


(L)-2t  ,jJl)  +  2I~'?»  V 


\-Rl  2 


(\+Rj\+R(ly 


dN 

~dt 


Jl{L)(\  +  R 


1  -R, 


/5N  +  PL 


\+Rq]  +  Rl  ,gn 

(3) 

(4) 


where  /3  (an  s)  is  the  cross-section  of  the  two-quanta  stimulated  transition,  x  *s  the 
total  cross-section  of  internal  photon  losses  of  all  kinds,  the  total  concentration  of 
nuclei  is  n~n2  +  wp  and  P  (cm.3  s'1)  is  the  flux  at  which  new  isomer  nuclei  are  fed 
into  the  cavity. 

These  approximate  equations  are  valid  under  the  assumptions 


VL(l)-  « 

2  c 


r\  ~_R±  V 

i  + 


«i 


(5) 


that  can  be  satisfied  in  many  simple  cases. 

The  two  main  modes  of  operations  are  the  CW  and  pulsed  emission.  The  CW  mode 
can  be  analyzed  by  setting  derivatives  to  zero  in  Eqs.  (3)  and  (4).  This  gives  stationary 
solutions  for  the  total  nucleus  difference  concentration 


^Vo  =2^ 


PL 
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PL  +  2{1-R0){l  +  R0)-'J1: 
and  for  the  output  photon  flux  density 


(6) 


PL  +  2J,J[-R0)(\  +  R0y 


1  +  *L  XnL  +  2(\-R,R0)([  +  RL)-l{[  +  R0) 
The  N0  (P)  curve  (6)  has  an  arch- like  form  with  a  maximum 

mx)  =  +  2(1  -  Kin- )-'(!  +  «,) 

4PJj'-R0)('  +  Ro) 

at  the  feeding  nucleus  flux  value 

PL  =  2JJ\-Rj\  +  R0y' 


(7) 


(8) 


(9) 


The  signs  of  the  time  derivatives  dN/dt  at  the  points  declining  from  both  ascending 
and  descending  branches  of  the  stationary  NQ(P )  curve  (6)  show  that  only  the 
ascending  branch  is  stable.  So  the  maximum  stable  CW  output  photon  flux  is  equal  to 


2  PL 


1  +  Rl  XnL  +  2(1  -  Rl  R0  )(1  +  Rl  )-'  (1  +  R0  )’ 


1  -R, 


4Jj\-R0)(\  +  Roy 


(10) 


\  +  RlXnL  +  2(1  -  RlR0  Xl  +  Rl  )_1  (l  +  ^0)' ' 

and  can  be  reached  at  the  N0  (max)  of  Eq.  (8)  and  the  PL  of  Eq.  (9). 

It  must  be  emphasized  that  despite  of  expectations,  the  stable  CW  emission  can  be 
sustained  only  at  the  non- zero  ignition  (  Jian  >0). 

If  the  feeding  isomer  flow  is  absent  ^=0),  only  a  pulsed  mode  of  operation  is 
possible  due  to  gradual  expenditure  of  the  initial  isomer  store,  No,  according  to 


N  -  N0  exp. 


1  +  R L 
\-R, 


\2 


W 


(H) 


where 


W 


=  \J2oN)dt 


(12) 


The  emission  time  behaviour  is  governed  by  the  nonlinear  equation 

2 

w 


LfdW\%d2W  xr  dW 

-N°—‘ 'xp 


2c 


dt 


XnL  +  2- 


(\  +  R  x 2 


1-^ 


(13) 


d_W  [2i -Rl  \-R0  f 
dt  I  +  Rl  \  +  R0'  ,g" 


'{l  +  R,Jl  +  R0] 

for  the  new  variable  W  defined  by  Eq,  (12).  Unfortunately,  this  equation  can’t  be 
solved  analytically,  only  using  computer  simulation.  Nevertheless,  it  is  possible  to 
obtain  some  information  on  the  turning  off  of  ignition,  bypassing  this  procedure. 

The  emission  process  starts  at  /  =  0  and  J ou{{L)-  0  only  if  the  derivative  in  Eq.  (3) 


is  positive,  i.e.  in  the  presence  of  ignition  (J.  >0).  Then  at  /  =  /  *  and  W  -  W*  , 

N(fV  *)  =  N  *  (Eq.  (11))  and  J ian  >  0  ,  the  emission  pulse  can  reach  a  maximum  value 
of  Jout  *(L)  which  is  determined  by  the  condition 


k,„*(oo)r- 


2  l -Rl 


pN*  l  +  RL 


XnL  +  2 


(i+y?,)(i+/0 


K<*(L)+ 


+■ 


pN' 


LA 

\  +  R, 


\2 


LA 

1  +  Rn 


(14) 


J...  =  0 


But  if  at  0  <(  =  (**<(*,  0)<W  =  W  **  <W* ,  and  N*<N  =  N**<N0,  the 
output  photon  flux  is  sufficiently  large 


1  -R, 


XnL  +  2- 


LAA 


(15) 


PN**\  +  R,L  (i  +  /?J(i  +  /?o)_ 
then  the  pulse  will  proceed  to  increase  even  when  the  ignition  is  switched  off 
(Jn„,  =  0).  However,  in  this  case  the  maximum  output  photon  flux  will  be  lower  than 


in  the  presence  of  ignition  with  Jout  *  *(c)<  Jo«t  *  CO- 
And  finally  it  is  useful  to  give  some  example  (certainly,  not  the  optimal  one!):  the 
isomeric  nucleus  ^  Am  with  E0  =48,6  keV ,  lifetime  141  yr,  transition  multipolarity 

E4 ,  x  ~  10" 2(1  cm2  and  specific  energy  content  20  MJ/g.  A  medium  with  L-  100  cm 
and  cross-section  0.01  cm2  stores  an  energy  about  80  J  if  the  initial  isomer 
concentration  is  n2  =  1016  cm3.  One  half  of  this  energy  can  be  emitted  into  a  directed 
gamma-photon  pulse.  The  values  estimated  for  the  needed  ignition  photon  flux 
density  ./.^>  1020  cm'2  s' }  and  the  total  ignition  flux  10 18  s'1  are  not  sufficiently 
trustworthy  because  they  are  based  on  a  very  crude  theoretical  estimation  of  the 
coefficient  p  =  ]CT40  cm4  s  [20].  Future  work  will  investigate  the  feasibility  of  such 
two-photon  initiated  energy  release  from  nuclear  isomers  in  more  detail. 


*}This  work  (LAR)  was  partly  supported  by  the  ISTC  (Grant  #  265  lp). 
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Abstract — Gamma  emission  driven  by  external  electromagnetic  radiation  describes  processes  that  may  release 
isomeric  nuclear  energy  in  a  “clean”  way,  as  bursts  of  incoherent  or  coherent  gamma  rays  without  the  produc¬ 
tion  of  radioactive  byproducts.  Different  schemes  and  best  candidates  for  the  isomer  de-excitation  via  pumping 
of  a  triggering  level  are  considered.  Short,  high-power  pulses  of  laser  light  must  be  the  most  economic  source 
for  nuclear  isomer  triggering  either  directly  by  a  strong  electromagnetic  field  or  by  dense  radiation.  The  pro¬ 
cesses  of  deep  ionization  of  the  atomic  shells  with  subsequent  radiative  and  nonradiative  decay  of  the  vacancies 
are  of  special  interest.  The  time  scales  of  different  processes  in  nuclear,  atomic,  and  condensed-matter  sub¬ 
systems  are  compared. 


1.  INTRODUCTION 

The  creation  of  collective  and  avalanche-like  y-ray 
bursts  and  ultimately  a  coherent  gamma-ray  laser  was 
explicitly  proposed  in  the  1960s,  and  since  that  time 
many  publications  have  followed  along  this  research 
direction.  Major  interest  was  given  to  the  gamma  ana¬ 
log  of  an  optical  ruby  laser  based  on  the  idea  of  inverted 
population  of  some  excited  level.  However,  tough 
restrictions  became  clearly  visible  for  the  realization  of 
this  idea.  During  the  latter  years,  a  new  concept  has 
been  formulated,  namely,  to  use  nuclear  isomers  as  an 
active  medium.  Some  possibilities  for  the  creation  of  a 
y-ray  pulsed  source  have  been  proposed  and  studied. 
The  historical  and  modern  status  were  reviewed 
recently  in  [1]. 

Another  principle  was  developed  after  significant 
progress  was  made  in  the  technique  of  high-current 
electron  accelerators.  Compton  backscattering  of  opti¬ 
cal-range  photons  in  interaction  with  a  relativistic  elec¬ 
tron  beam  serves  as  a  source  of  polarized,  directed,  and 
quasi-monochromatic  y  rays.  The  frequency  of  photons 
in  the  laboratory  system  is  increased  after  scattering 
due  to  the  Doppler  effect,  and  photons  are  shifted  to  the 
gamma  range  because  of  the  high  relativistic  factor  of 
the  electrons.  This  way,  using  a  1-GeV  electron  storage 
ring,  a  high-intensity  polarized  y  beam  with  tunable 
energy  up  to  50  MeV  was  obtained  in  [2],  The  ultravi¬ 
olet  photons  generated  in  the  free-electron  laser  have 
been  scattered  in  a  cavity  by  the  initial  electron  beam. 
However,  such  a  y-ray  source  in  practical  realization 
turns  out  to  be  a  big,  stationary  system,  interesting  in 
principle  and  useful  for  research  programs,  but  not 
transportable  and  restricted  in  the  flexibility  necessary 
[  for  applications.  A  free-electron  laser  alone  with  4  wig- 


glers  has  a  length  of  20  m,  in  addition  to  the  heavy  and 
expensive  electron  accelerator  and  storage  ring. 

In  the  simpler  version  of  [3],  the  external  optical 
laser  photons  interact  with  a  lower  energy  electron 
beam.  It  would  also  be  important  that  the  same  power¬ 
ful  laser  pulse  be  used  in  the  laser  electron  gun  of  the 
accelerator  [4],  Such  a  version  is  more  flexible,  but  high 
quantitative  parameters — the  spectral  density  of  y  rays 
and  their  energy — have  not  yet  been  attained  in  current 
experiments.  It  was  proposed  recently  [5]  to  arrange  a 
scheme  where  laser  photons  are  backscattered  by  an 
ultrarelativistic,  crystallized  heavy-ion  beam.  Again,  a 
very  big  accelerator  and  storage-ring  cooler  are  neces¬ 
sary.  Thus,  despite  the  impressive  progress  made  in 
accelerators,  schemes  for  the  creation  of  compact 
pulsed  y-ray  sources  are  still  lacking  and  much  is  still 
needed  for  future  research  programs.  We  are  going  to 
discuss  the  possibilities  provided  by  the  high- power 
pulses  of  laser  light  and  by  x-ray  sources  for  isomer 
triggering,  taking  into  account  that  such  techniques  are 
by  orders  of  magnitude  more  economical  than  synchro¬ 
trons  and  other  relativistic  accelerators. 


2.  ACCELERATION  OF  NUCLEAR  LEVEL 
DECAY 

Most  attractive  would  be  the  direct  stimulation  of  a 
nuclear-state  decay  by  a  strong  electromagnetic  field, 
as  was  proposed  20  years  ago  in  [6]  for  acceleration  of 
(3  decay.  In  a  strong  field  of  the  laser  wave,  the  nuclear 
level  should  be  split  with  the  formation  of  sidebands:  2 
virtual  sublevels  with  practically  the  same  energy,  but 
with  higher  or  lower  angular  momentum  values.  Decay 
of  nuclear  levels  is  typically  retarded  due  to  the  strong 
changes  of  spin  quantum  numbers.  The  appearance  of 
these  sidebands  allows  lower  multipolarity  transitions,  2 
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Fig.  1.  Isomer  to  ground  state  ratios  tor  production  of  the 
i^m2Hf  16*  isomer  in  reactions  with  photons,  fast  neutrons, 
and  4He  ions  systematized  versus  the  square  of  the  spin  def¬ 
icit.  Experimental  points  are  from  1 1 1 J. 

and,  as  a  result,  the  rate  of  transition  can  be  increased 
by  orders  of  magnitude.  This  idea  should  be  applicable 
not  only  for  8  decay  but  also  for  y-  and  electron  conver¬ 
sion  decays  of  an  isomeric  level.  An  attempt  to  observe 
the  acceleration  of  125I  electron  capture  decay  by  syn¬ 
chrotron  radiation  was  described  in  [7].  Also  in  [1],  we 
proposed  to  explain  by  this  process  the  results  of  exper¬ 
iments  [8]  on  I  Mm2Hf  isomer  accelerated  decay  under  x- 
ray  irradiation  of  an  isomeric  sample.  However,  more 
experiments  are  still  necessary  to  prove  the  presence  of 
the  effect  of  external  field  and  to  estimate  its  strength. 

In  the  same  group  of  direct  effects  of  laser  radiation 
on  nuclear  decay  should  be  included  the  laser-assisted 
TEEN  proposed  in  [9]  for  isomers  of  the  type  of  229Th 
and  235U.  These  levels  are  characterized  by  low  excita¬ 
tion  energy  comparable  to  atomic  electron  transitions  in 
the  valence  zone.  The  nuclear  and  atomic  transitions 
are  normally  out  of  resonance,  but  the  defect  of  reso¬ 
nance  can  be  covered  with  the  absorption  of  a  laser  pho¬ 
ton.  Thus,  the  laser-assisted  transfer  of  energy  from  the 
nuclear  excited  state  to  the  atomic  shell  serves  as  a 
mechanism  effective  for  accelerated  nuclear  decay. 
Experiments  in  this  direction  are  of  interest,  as  for 
another  mechanism  also  discussed  in  [9],  namely,  radi¬ 
ation-accompanied  NEET.  In  this  case,  the  atomic  tran¬ 
sition  energy  exceeds  the  excitation  energy  of  a  nuclear 
level,  but  the  latter  is  still  available  for  excitation  by  an 
electron  transition  if  the  “extra  resonance”  energy  is 
radiated  in  the  form  of  an  additional  photon.  Such  a 
radiative  mechanism  can  be  effective  provided  the 
appropriate  level  schemes  exist  and  could  be  useful  for 
triggering  a  nuclear  isomer  via  the  excitation  of  an 
intermediate  level. 


The  latter  example  corresponds  already  not  to  the 
direct  effect  of  external  radiation  but  to  the  “up-conver- 
sion”  scheme  of  the  triggered  decay.  The  vacancy  in  an 
atomic  shell  is  created  in  the  first  stage,  and  then  the 
ionization  energy  is  converted  into  nuclear  excitation 
plus  an  emitted  photon.  Below,  we  discuss  in  more 
detail  the  possibilities  for  isomer  triggering  in  the  up- 
conversion  scheme  through  the  mechanisms  of  reso¬ 
nance  photon  absorption  and  resonant  nonrad iative 
NEET. 

The  triggered  decay  of  the  isomer  in  this  scheme  is 
similar  to  the  population  of  isomeric  states  in  nuclear 
reactions.  Indeed,  in  both  cases,  the  population  or 
depopulation  of  definite  levels  occurs  in  cascades  of 
transitions  from  upper  lying  levels.  In  [10],  we  ana¬ 
lyzed  the  theoretical  prediction  for  photon-induced 
nuclear  reactions  and  found  that  the  integrated  cross 
section  of  nuclear  photoabsorption  can  be  predicted  in 
absolute  value  if  the  spectroscopic  factor  of  each  indi¬ 
vidual  transition  is  known.  Such  theoretical  support 
allows  the  analysis  of  branching  ratios  both  for  isomer 
population  and  depletion.  The  isomer  to  ground  state 
ratios  a,,,/ ag  were  systematically  measured  for  popula¬ 
tion  of  isomers  in  nuclei  near  A  =  180  in  [l  l—l  3],  while 
the  depopulation  was  studied  in  detail  only  for  the 
180mTa  isomer  [14-16]. 

In  Fig.  1,  the  systematics  of  the  cross  section  for  the 
17Sw2Hf  isomer  production  are  given  following  the 
experimental  results  of  [1 1,  13].  One  can  see  that  the 
<5m2io„  ratio  is  an  exponentially  decreasing  function  of 
the  (A?)2  parameter,  where  A/  is  the  difference  between 
the  isomeric  spin  and  the  mean  angular  momentum  of 
the  reaction  residue.  The  exponential  dependence  is 
explained  in  the  statistical  theory  of  nuclear  reactions 
by  the  spin  dependence  of  the  level  density.  The  results 
in  Fig.  1  were  taken  in  (y,  n),  (n,  2 n),  and  rHe,  2 n)  reac¬ 
tions.  To  populate  the  high-spin,  16+,  isomeric  state  of 
l7*Hf,  the  deficit  of  spin  has  to  be  accumulated  in  a  cas¬ 
cade  of  y  transitions  in  the  excited  reaction  residue.  The 
mean  value  is  not  the  only  significant  parameter  of  the 
residual  spin  distribution;  the  width  is  also  important 
and  it  is  not  the  same  for  different  reactions.  The  devi¬ 
ation  of  some  points  from  the  straight  line  in  Fig.  1  is 
just  a  manifestation  of  the  spin-distribution  widths.  It  is 
clear  from  systematics  like  Fig.  1  that  the  population  of 
isomers  is  regulated  by  the  angular  momentum  released 
in  the  reaction,  in  comparison  with  the  final-state  (iso¬ 
mer)  spin. 

For  the  isomer  depopulation,  a  different  mechanism 
has  been  established  from  the  systematics  after  analysis 
of  the  results  taken  in  [10,  13-16],  despite  the  schemat- 
ical  similarity  between  the  population  and  depopula¬ 
tion  processes  in  the  y  cascades  occurring  through 
higher  lying  levels.  In  the  case  of  an  exposed  isomeric 
target,  the  photon  absorption  leads  to  the  high-spin 
excited  level  and  a  cascade  leading  to  the  ground  state 
is  still  possible  despite  the  large  spin  difference.  This  is 
because  of  the  existence  of  rotational  bands  built  on  the 
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ground  state  and  other  low-spin  levels.  The  level  popu¬ 
lated  in  the  first  step  from  the  isomer  is  surrounded  by 
other  levels  of  comparable  spin,  and  the  transitions  to 
these  rotational  states  are  not  forbidden  by  angular 
momentum.  Thus,  one  could  expect  a  very  high  proba¬ 
bility  of  depopulation.  Experiment  shows,  however, 
that  this  is  not  the  case  at  excitation  energies  £*  <  3 
MeV.  The  comparable-spin  rotational  levels  are  avail¬ 
able  at  such  energies,  and  even  at  lower  excitations  the 
transitions  to  them  are  still  forbidden  due  to  the  mis¬ 
match  in  the  K  quantum  numbers.  Such  a  situation  is 
clearly  evident  from  the  experiments  performed  in  [14— 
16].  At  low  £*,  there  exist  two  independent  systems  of 
levels  with  low  and  high  K,  the  transitions  between 
them  being  severely  hindered.  With  growth  in  £*,  some 
Admixing  strength  appears,  and  at  £*,  near  the  neutron 
binding  energy  Bn  ~  7-8  MeV,  complete  K mixing  takes 
place.  At  this  energy,  K  is  no  longer  a  good  quantum 
number,  but  below  2-3  MeV  it  strongly  influences  the 
electromagnetic  transition  rates.  So,  the  isomer  depop¬ 
ulation  at  low  energy  depends  on  the  existence  of  some 
special  intermediate  level  characterized  by  the  admix¬ 
ture  of  /C-violating  strength.  Such  levels  may  randomly 
appear  even  at  rather  low  £*,  and  it  is  a  challenge  to 
find  them  experimentally. 

For  the  ,80wTa  depopulation,  mediating  levels  have 
been  observed  down  to  £*  =  1 .07  MeV  [14],  and  their 
strength  regularly  increases  to  higher  £*.  The  nuclear 
structure  interpretation  of  them  has  been  discussed  in 
[17],  together  with  other  examples  of  /C-mixing  states 
in  neighboring  nuclei.  The  experimental  data  available 
3  for  other  nuclides  is  typically  on  the  lifetimes  and 
branching  ratios  in  the  decay  of  relatively  short-lived 
isomeric  states  [17].  The  photon-induced  transforma¬ 
tion  from  high  to  low  K  values  has  been  experimentally 
studied  only  for  lg0Ta  and  in  some  experiments  with 
176Lu  as  well.  The  conclusion  obtained  in  the  lg0Ta  case 
(see  above)  should  be  verified;  the  I?6Lu  experiments 
provide  such  a  comparison. 

A  fragment  of  the  176Lu  level  scheme  is  shown  in 
Fig.  2.  The  nearly  stable  ground  state  has  K%  -  7_,  and 
the  short-lived  (TU2  =  3.7  h)  isomer  with  KJl=  1“  lies  at 
123  keV.  So,  at  low  £*,  there  are  two  systems  of  levels 
with  high  and  low  K  values.  They  can  be  coupled  only 
via  some  mediating  levels  possessing  special  E-mixing 
wave  functions.  Such  levels  do  exist,  as  was  shown  in 
the  experiments  in  [18-21].  In  [19],  the  R  isomer  was 
excited  in  irradiations  of  the  I76Lu  target  by  intense 
radioisotope  y  radiation  of  60Co  and  137Cs  sources.  The 
monoenergetic  7  radiation  of  ,37Cs  consists  of  662-keV 
photons,  and  successful  population  of  the  1“  isomer 
shows  the  presence  of  some  K- mixed  level  at  an  energy 
below  662  keV,  accessible  to  Compton  scattered  pho¬ 
tons  if  not  to  the  direct  source  radiation.  S spectroscopic 
identification  of  this  level  has  not  yet  been  successful. 
However,  in  [20],  the  level  with  /,  Kn  =  5,  and  4~  at  838 
keV  was  definitely  recognized  as  a  mediating  level 
between  the  K  -  7  and  K  =  1  levels.  Even  more  exotic 
properties  were  found  in  [21]  for  the  transition  from  the 
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Fig.  2.  Mediating  levels  in  17fiLu,  as  deduced  from  120,  21  ]. 
Energies  of  levels  are  given  in  keV. 


/,  K*  =  12,  12+  isomeric  state  at  1515  keV  to  the  /,  K*  = 
10,  4+  rotational  state  at  1159  keV.  This  transition 
should  be  strongly  E-hindered,  with  (A K  -  X)  =  6,  but 
in  experiment  a  rather  low  reduced  hindrance  factor  has 
been  found.  Clearly,  the  wave  functions  of  the  high-E 
isomeric  state  and  the  low -E  rotational  level  are  mixed. 

This  is  important  for  the  proposed  [13,  22]  trigger¬ 
ing  of  the  I77Lu  isomer.  The  ‘77mLu  161-d-Iived  isomer 
can  be  produced  in  reactor  irradiations  in  a  quantity  of 
milligrams.  It  stores  a  specific  energy  of  about  1  MeV 
per  nucleus  and  once  triggered  will  emit  this  energy  in 
the  form  of  short-wave  7  radiation  in  the  range  of  100- 
200  keV.  If  the  properties  of  I77Lu  and  1  mLu  are  similar, 
one  may  expect  a  successful  177  mLu  triggering  by  x-ray 
radiation  via  a  rotational  level  as  a  mediating  state.  Two 
rotational  yrast  bands  with  K *  -  7/2+  and  9/2'  are 
known,  and  the  19/2+  and  19/2'  members  of  these  bands 
lie  at  an  excitation  energy  of  1093  and  1073  keV, 
respectively.  The  isomeric  177wLu  level  with  E*  =  23/2 
has  an  excitation  energy  of  970  keV.  One  may  assume 
possible  triggering  via  an  £2  transition  with  an  energy 
of  103  keV  from  the  23/2"  to  19/2'  levels.  This  transi¬ 
tion  would  be  strongly  hindered  by  the  K  quantum 
number  because  of  the  degree  of  K  forbiddenness  of 
(A K -X)-5.  Despite  this,  one  may  consider  that  the  E- 
mixed  component  of  the  wave  function  has  a  noticeable 
amplitude  for  the  sixth  level  of  the  /O  =  9/2"  band  with 
/=  19/2, 

The  242mArn  long-lived  (Tm  =141  years)  isomer  is 
another  promising  candidate  for  triggering  (see  the  dis¬ 
cussion  in  [13, 22]).  It  is  normally  accumulated  in  spent 
reactor  fuel  as  a  radioactive  product  due  to  the  multiple 
neutron  capture  process.  The  specific  energy  stored  by 
242mArn  is  much  lower  than  in  the  case  of  p  '"Lu,  but 
this  is  compensated  by  a  higher  total  weight  of  the 
available  material  and  by  its  very  long  lifetime.  This  5_ 
level  lies  at  an  excitation  energy  of  48.6  keV,  and  trig¬ 
gering  via  the  £2  transition  to  the  3'  state  at  52.9  keV 
releases  the  isomeric  excitation  energy.  Resonance  trig¬ 
gering  of  242mAm  requires  a  transition  energy  of  (4.30  ± 
0.05)  keV,  which  can  be  supplied  by  an  atomic  transi¬ 
tion  in  the  Am  atom;  as  many  as  three  transitions,  £m 
—  £h,  Nwn  — ►  A/m,  and  Nn  — *■  Mlb  may  have  the 
appropriate  energy.  Both  photon  absorption  and  NEET 
mechanisms  are  possible  because  the  multipolarities 
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Fig.  3.  Schematic  illustration  of  nuclear  level  pumping  by  a 
laser  pulse. 

can  also  be  identical.  Despite  the  promising  properties 
of  M2wAm,  it  would  be  difficult  at  the  moment  to  predict 
quantitatively  the  efficiency  of  energy  release  in  irradi¬ 
ations  of  this  active  material.  This  remains  one  the  chal¬ 
lenges  of  modem  experiments. 

In  addition  to  the  unknown  strength  of  the  nuclear 
transition  in  242 Am,  another  problem  has  been  known 
that  is  connected  with  the  rather  low  energy  of  the 
atomic  transition,  of  about  4.3  keV.  It  is  known  that 
Auger  and  Coster-Kronig  conversion  dominates  at 
such  energies  and  the  efficiency  of  energy  transfer  to  a 
nuclear  subsystem  should  be  reduced.  Fortunately,  as 
we  discuss  below,  the  plasma  conditions  suppress  the 
rate  of  nonradiative  conversion  within  atomic  shells. 
Thus,  even  an  M  vacancy  in  a  heavy  atom  may  have  a 
noticeable  fluorescence  yield  and  the  nuclear  conver¬ 
sion  of  the  atomic  transition  is  also  not  suppressed. 

3.  PROCESSES  IN  LASER  PLASMA 

It  is  known  that  the  interaction  of  a  terawatt  laser 
pulse  with  solid  matter  immediately  generates  an 
induced  oscillation  of  electrons  at  the  frequency  of  the 
laser  light.  This  collective  excitation  of  the  electronic 
subsystem  then  decays  via  an  energy  transfer  to  highly 
excited  atomic  states  and/or  to  deep  ionization  of  the 


Time  scale  of  different  processes  induced  by  a  powerful  laser 
pulse  in  a  solid 


Process 

Time-scale,  s 

1 

Electron-gas  excitation 

~10-'5 

2 

X-ray  emission  past  ionization 

~10"16-10-15 

3 

Ablation  due  to  superthreshold 
power: 

(a)  fast  desorption; 

~2x  10-14 

(b)  temperature  mechanism 

io-12-io-n 

4 

Recrystallization  of  melted  layer 

io-"-io-10 

5 

Nuclear  fluorescence 

Accounting 
for  conversion 

(a)  collective  El  at  Ey  >  50  keV 

<IOrI° 

(b)  single-particle  El  at  Ey  >  50  keV 

<2  x  10-'° 

6 

Condensation  of  the  ablation  cloud 

~io-s 

atomic  shells.  The  nuclear  subsystem  can  also  be  per¬ 
turbed  because  of  the  interaction  with  fast  electrons, 
characteristic  x-ray  photons,  or  bremsstrahlung  or 
black-body  radiation.  K  and  L  electrons  can  be  ejected 
from  heavy  atoms  with  the  created  vacancies  serving  as 
a  source  of  characteristic  photons  with  an  energy  useful 
for  excitation  of  some  specific  nuclear  states. 

The  excitation  of  nuclear  levels  in  20lHg  and  18ITa 
isotopes  by  exposure  to  plasma  radiation  created  by 
short  laser  pulses  was  tested  in  [23]  and  the  utility  of 
this  concept  was  supported  experimentally.  A  device 
for  laser  pumping  of  nuclear  levels  using  this  approach 
can,  in  principle,  be  small  and  simple  in  configuration. 
One  possible  scheme  is  shown  in  Fig.  3,  in  which  a 
focused  laser  beam  creates  a  high -power  density  spot 
on  the  sample  surface.  The  cross-sectional  size  of  the 
spot  can  be  as  small  as  100  pm.  Excited  electrons  leave 
their  atoms  immediately,  and  the  solid  matter  is  quickly 
transformed  into  a  dense  plasma  of  ionized  atoms. 
Other  radiation  processes  develop  rapidly,  and  desorp¬ 
tion  of  atoms  to  vacuum  and  thermal  ablation  follow. 
Finally,  the  hot  spot  is  recrystallized  and  at  the  end  the 
ablation  cloud  is  deposited  onto  the  sample  and  sur¬ 
rounding  surfaces. 

The  time  scales  of  different  processes  are  given  in 
the  table.  The  relaxation  of  solid  matter  after  the  pulsed 
release  of  energy  was  studied  recently  in  [24,  25]  for 
the  case  of  femtosecond  pulses  of  laser  light  incident  on 
metal  and  semiconductor  samples.  It  was  found  that  all 
processes  develop  very  rapidly  and  the  solid  is  recry s- 
tallized  within  1 00  ps.  It  is  important  to  stress  here  that 
a  similar  time  scale  characterizes  pulsed  energy  release 
in  solids  due  to  an  entirely  different  process  [26,  27]. 
High-energy  heavy  ions  may  deposit  a  large  amount  of 
energy  within  the  limited  volume  of  a  nuclear  track  in  a 
solid.  The  electronic  medium  is  immediately  excited, 
the  same  as  in  the  case  of  the  laser  pulse,  and  then  relax¬ 
ation  processes  follow.  It  was  shown  experimentally  in 
[26, 27]  that,  in  perfect  crystals,  recrysta.il ization  is  one 
of  the  final  stages  but  occurs  within  a  time  scale  of  100 
ps.  This  strong  similarity  in  time  scale  is  definitely  not 
a  coincidence,  but  confirms  the  general  properties  of 
processes  in  a  solid  after  pulsed  energy  release. 

The  time  scale  of  nuclear  fluorescence  is  defined  by 
the  lifetime  of  an  excited  level  and  can  be  estimated 
using  standard  systematics  for  the  strength  of  nuclear 
electromagnetic  transitions.  As  is  clear  in  the  table,  the 
decay  time  of  the  nuclear  level  is  typically  longer  than 
the  time  scales  of  all  other  processes  in  atomic  and  solid 
subsystems.  Even  recrystallization  of  a  solid  may  hap¬ 
pen  before  nuclear  fluorescence  events  occur.  Thus, 
nuclear  radiance  takes  place  from  within  solid  sur¬ 
roundings,  and  this  is  favorable  for  lasing. 

Such  a  situation  permits  the  occurrence  of  other 
attractive  properties  (discussed  in  [23])  for  the  scheme 
that  employs  laser  pulses  to  pump  a  hypothetical  y-ray 
laser  on  nuclear  levels.  However,  it  is  necessary  to  also 
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discuss  some  disadvantages  of  the  scheme  depicted  in 
Fig.  3. 

(1)  A  certain  number  of  excited  nuclei  will  be 
released  into  the  gas  phase  due  to  ablation  of  atoms 
from  the  exposed  surface.  As  long  a  time  as  about  10  ns 
is  required  for  condensation  of  the  ablation  cloud  back 
to  the  suito unding  solid  surfaces.  Nuclear  levels  may 
be  longer  lived,  but  for  them  the  probability  of  excita¬ 
tion  is  decreased  by  their  narrow  width.  For  levels  with 
an  optimum  lifetime  of  about  100  ps,  the  efficiency  of 
radiance  in  a  solid  will  be  reduced  because  of  the  losses 
of  excited  nuclei  to  the  gas  phase.  A  compromise  can  be 
found  by  the  choice  of  the  optimum  surface  power  den¬ 
sity  for  the  laser.  The  rate  of  ablation  can  be  reduced 
while  the  total  number  of  excited  nuclei  is  conserved. 
The  full  energy  of  the  laser  pulse  can  be  distributed 
over  a  larger  area  on  the  surface. 

(2)  The  resonance  tuning  between  nuclear  and 
atomic  resonators  cannot  be  perfect  even  when  both 
frequencies  coincide.  The  width  of  an  atomic  resonance 
is  typically  much  larger  than  the  nuclear  one  because  of 
the  lifetimes  of  the  atomic  and  nuclear  states  having 
different  orders  of  magnitude. 

This  difference  leads  to  a  low  value  of  the  “Q  factor” 
corresponding  to  the  resonance  between  nuclear  and 
atomic  modes.  Such  a  situation  was  confirmed  recently 
in  direct  measurements  of  the  probability  of  the  NEET 
process  obtained  in  a  synchrotron-radiation  experiment 

[28] .  The  nuclear  transition  3/2+  — ^  l/2+  with  E  - 
77.351  keV  in  197 Au  was  excited  by  nuclear  conversion 
of  the  atomic  Ml  — ►  K  transition  after  /f-vacancy  ion¬ 
ization.  The  difference  in  energy  was  only  51  eV,  and 
this  was  comparable  with  the  total  width  of  the  K- 
vacancy  state.  The  probability  of  NEET  was  found  to 
be  5  x  1(H,  which  is  similar  to  the  width  ratio  for 
nuclear  and  atomic  states,  Vri/Ta.  The  nuclear  transition 
lifetime  is  known  experimentally  to  be  2.76  ns,  and  the 
atomic  level  width  can  be  taken  from  the  systematics  of 

[29] . 

The  mismatch  of  widths  suppresses  not  only  the 
NEET  probability  but  also  the  integrated  cross  section 
for  the  resonance  photon  absorption.  This  fundamental 
effect  reduces  the  nuclear  excitation  probability  and 
cannot  be  completely  cancelled.  It  is  only  possible  to 
discuss  some  modestly  palliative  options.  The  lifetime 
of  an  atomic  transition  is  normally  increased  for  lower 
energy  characteristic  photons,  the  same  as  for  nuclear 
transitions.  One  may  suppose  that  vacancies  in  an  M 
shell  should  be  much  longer  lived  than  K  and  L  vacan¬ 
cies,  and  this  would  seem  promising  to  reach  compara¬ 
ble  magnitudes  for  the  atomic  and  nuclear  widths.  In 
fact,  this  is  not  the  case.  For  characteristic  energies 
below  15  keV,  the  radiative  width  decreases  until  it  is 
lower  than  the  width  of  the  intrinsic  conversion  of  the 
transition  energy  within  the  atomic  shell  through  the 
Auger  and  Coster-Kronig  processes.  The  total  width  is 
then  primarily  due  to  the  latter  processes,  and  the  fluo¬ 
rescence  yield  of  the  x-ray  photons  will  be  much  less 


than  I.  Thus,  the  resonance  photon  excitation  process  is 
suppressed  not  only  due  to  the  mismatch  of  the  widths 
but  also  directly  due  to  the  low  yield  of  characteristic 
photons. 

In  plasma,  atoms  are  strongly  ionized  and  the  max¬ 
imum  of  the  charge-state  distribution  corresponds  to 
values  of  q  -  10-30,  depending  on  the  plasma  temper¬ 
ature  [30].  This  wide  charge-state  distribution  creates  a 
series  of  characteristic  x-ray  energies  that  deviate  from 
the  standard  ones  known  for  a  single  vacancy,  and  this 
is  helpful  for  exact  tuning  of  the  atomic  and  nuclear 
transition  energies.  On  the  other  hand,  the  high  stage  of 
ionization  should  be  effective  in  suppressing  the  prob  ■ 
ability  of  the  Auger  and  Coster-Kronig  processes  for 
soft  characteristic  transitions  with  Ex  <  10  keV  in 
strongly  ionized  heavy  atoms.  The  total  width  of  the 
atomic  resonance  decreases  correspondingly,  and  the 
relative  probability  of  radiative  processes  thereby 
increases.  Both  effects  are  useful  for  the  nuclear  con¬ 
version  of  atomic  excitation.  Thus,  one  can  anticipate 
that,  in  plasma  surroundings,  even  M  vacancies  must  be 
active  for  the  production  of  characteristic  lines  and  for 
the  resonance  excitation  of  a  nuclear  transition  via  pho¬ 
ton  absorption  and  NEET  processes. 

In  [23],  the  possibility  was  discussed  of  suppressing 
the  electron  conversion  of  nuclear  y  rays  in  a  hot 
plasma.  This  effect  increases  the  contribution  of  the 
radiative  width  to  the  total  width  of  a  nuclear  level 
(decreasing  the  conversion  coefficient),  and  it  can  be 
useful  in  some  schemes  of  nuclear  level  pumping  and 
radiance.  In  addition,  the  possibility  of  using  the  elec¬ 
tron  conversion  of  nuclear  radiation  for  the  separation 
of  some  specific  nuclear  states  in  a  multilevel  scheme 
has  also  been  proposed  [23]. 

At  present,  however,  we  will  stress  that  the  hot 
plasma  may  serve  as  a  tool  for  suppressingthe  nonradi-  4 
ative  conversion  of  the  ionization  energy  within  an 
atom.  In  this  way,  the  efficiency  of  energy  transfer  from 
the  atomic  to  nuclear  mode  can  be  significantly 
increased. 

When  nuclear  and  atomic  transitions  have  the  same 
energy  and  multipolarity,  the  hybridization  of  atomic  - 
nuclear  components  is  possible.  The  special  wave  func¬ 
tion  of  the  hybrid  state  includes  such  peculiarities  as  a 
beating  in  amplitude  of  the  two  modes  with  repumping 
of  the  energy,  retardation  in  the  decay  time  of  both 
modes,  low  nonexponential  decay,  etc.  As  a  result,  the 
conversion  of  energy  within  the  atom  may  be  addition¬ 
al  ly  suppressed  and  the  nuclear  conversion  of  an  elec¬ 
tron  transition  may  be  enhanced.  This  kind  of  hybrid¬ 
ization  was  discussed  in  [13].  Finally,  one  can  conclude 
that  some  processes  exist  that  allow  resonance  energy 
transfer  from  atom  ionization  to  nuclear  excitation, 
despite  the  fact  that  the  atomic-nuclear  resonance  is  not 
originally  very  sharp. 
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4.  SUMMARY 

Nuclear  excitation  in  a  hot  dense  plasma  via  the  res¬ 
onance  between  atomic  and  nuclear  transitions  pos¬ 
sesses  some  attractive  properties.  Among  them  are  the 
possible  hybridization  of  the  atomic-nuclear  wave 
functions  and  the  suppression  of  Auger  and  Coster- 
Kromg  conversion  of  the  ionization  energy  and  the  shift 
of  the  characteristic  energies  of  the  atomic  levels, 
depending  on  the  charge  state.  The  discussed  processes 
may  be  useful  for  increasing  the  efficiency  of  nuclear 
excitation  by  a  laser  pulse.  The  nuclear  state  candidates 
for  the  pumping  by  atomic  transitions  are  character¬ 
ized.  Among  these  are  also  promising  candidates  for 
the  triggered  release  of  stored  nuclear  energy. 

The  time  scale  of  different  processes  after  the  pulsed 
release  of  energy  are  compared,  and  the  typical  time  of 
nuclear  fluorescence  appears  to  be  longer  than  the 
atomic  and  solid  relaxation  processes.  The  possibility 
of  nuclear  radiance  in  solid  surroundings  after  sample 
recrystallization  is  promising  for  lasing  of  nuclear  y 
rays. 

The  acceleration  of  nuclear  decay  through  the  direct 
influence  of  external  electromagnetic  radiation  is  also 
possible,  and  such  a  possibility  still  cannot  be  excluded 
for  some  complete  experiment.  As  a  result,  not  only 
complicated  experiments  with  synchrotron  radiation 
but  also  simple  schemes  are  still  relevant  for  observing 
the  decay  of  nuclear  isomers,  for  instance,  in  a  cavity 
exposed  to  a  powerful  laser  beam  or  in  the  chamber  of 
a  high-efficiency  ion  source. 
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Abstract — The  second  isomer  (7j/2  =  25.1  d)  in  l79Hf  is  one  of  a  number  of  nuclear  states  that  is  interesting 
from  the  point  of  view  of  triggering  a  release  of  “clean”  nuclear  energy  because  it  stores  a  specific  energy  of 
about  0.5  MJ/mg.  The  yield  of  this  isomer  in  nuclear  reactions  is  restricted  due  to  its  high  spin,  In  =  25/2".  The 
productivity  of  previously  known  methods  was  enough  for  the  creation  of  experimental  amounts  but  not  for 
potential  applications.  In  this  paper,  we  show  that  irradiations  in  a  reactor  by  the  fast  neutron  flux  within  the 
fission  spectrum  are  useful  for  the  accumulation  of  l79w2Hf  in  an  amount  of  1016  nuclei.  In  an  experiment  per¬ 
formed  in  the  Dubna  IBR-2  reactor,  the  yield,  cross-section  om,  and  isomer-to-ground  state  ratio  om/o?  were 

measured  for  the  l79Hf(n,  «ry)I79m2Hf  reaction.  The  systematics  of  the  ottt/og  values  deduced  from  the  experi¬ 
mental  data  available  for  this  isomer  are  discussed. 


Production  cross-sections  in  neutron  capture  reac¬ 
tions  with  thermal  neutrons  are  typically  low  for  high- 
spin  isomers  with  /  >  10.  The  isomer  177mLu  (/*  =  23/2") 
is  an  exception  that  confirms  the  general  tendency, 
because  the  high  spin  of  the  target  1/(^Lu  (/*  =  7") 
nucleus  provides  a  rather  modest  spin  deficit  A/  =  Ah  in 
the  l76Lu(n,  j)1  ? '"'Lu  reaction.  In  contrast  with  neutron 
capture,  fast  neutron  reactions  supply  additional  possi¬ 
bilities.  The  production  of  high-spin  isomers  in  micro- 
and  milligram  amounts  would  be  important  for  using 
them  in  experiments  on  triggering  and  controlled 
release  of  energy,  as  is  discussed  in  [1].  The  properties 
of  the  179",2Hf  isomer  (T[l2  =  25.1  d,  In  =  25/2",  E*  = 
1 .106  MeV)  make  it  one  of  the  best  candidates  for  trig¬ 
gering  experiments,  even  in  comparison  with  the 
I78m2Hf  isomer,  which  has  been  widely  used  in  recent 
years  in  many  studies. 

The  yields  of  high-spin  l78w2Hf  and  ]79m2Hf  isomers 
were  measured  in  reactions  with  neutrons  [2-4],  with 
bremsstrahlung  photons  [5,  6],  with  a  4He-ion  beam  [7, 
8],  and  with  protons  at  intermediate  energy  [9,  10].  The 
spallation  reaction  with  protons  shows  [9,  10]  the  best 
absolute  productivity,  ~3  x  10u/s,  because  a  massive 
target  can  be  irradiated  with  a  high -current  proton 
beam.  However,  many  undesired  radioactive  nuclides 
are  produced  at  intermediate  energies  and  radiation- 
safety  restrictions  require  a  long  “cooling”  time  of  the 
target  before  chemical  processing.  This  delayed  pro¬ 
cessing  is  possible  for  the  3  l-years-lived  178™2Hf  but  not 
for  the  25-days-lived  179m2Hf.  The  spallation  reaction  is 
therefore  not  the  best  for  179w2Hf  production.  The 
176Yb(a,  n)  reaction  was  used  for  the  population  of  the 
l79w2Hf  state  when  it  was  originally  discovered  in  [1 1]. 
The  yield  of  the  reaction  was  not  discussed  in  [11]  but 


later,  when  l79r?f2Hf  was  detected  from  the  same  projec¬ 
tile-target  combination  (4He  +  176Yb)  in  the  accumula¬ 
tion  of  the  l78rft2Hf  isomer.  It  was  shown  that  a  rather 
low  production  yield,  of  about  107/s,  can  be  reached  for 
179ffl2Hf  at  an  optimum  energy  and  with  the  4He-ion 
beam  current  as  high  as  100  pA.  This  means  that  a 
method  of  I79w2Hf  production  with  high  yield  and  effi¬ 
ciency  has  not  been  known  until  now.  Obviously,  neu¬ 
tron  irradiation  is  potentially  the  method  of  highest  pro¬ 
ductivity  and  the  yield  of  l/9m2Hf  in  reactor  irradiations 
should  be  examined. 

Metal  nalHf  foils  l  mm  in  thickness  were  activated  in 
an  external  channel  of  the  IBR-2  reactor  at  FLNP, 
JINR,  Dubna,  and  were  then  studied  using  a  20%  effi¬ 
ciency  Ge  gamma  detector.  This  was  accomplished  by 
spectrometric  electronics,  which  allowed  a  count  rate 
up  to  20  kCs/s  with  a  reasonable  dead  time  and  conser¬ 
vation  of  spectral  resolution  on  the  level  of  1 .8  keV  for 
ri0Co  lines.  Standard  test  sources  were  used  for  energy 
and  efficiency  calibrations.  The  neutron  spectrum  at  the 
location  of  the  target  was  known  from  previous  experi¬ 
ments.  But  in  addition,  NiCr-alloy  samples  were  used 
as  spectators  for  the  calibration  of  the  thermal  and  fast 
neutron  fiuences  in  each  irradiation  by  the  resulting 
5ICr  and  ^Co  activities.  The  Hf  samples  were  irradiated 
with  and  without  Cd  shields,  and  the  method  of  Cd  dif¬ 
ference  allowed  isolation  of  the  effect  of  thermal  neu¬ 
trons  and  deduction  of  the  thermal  cross  section. 

In  measured  spectra  of  activated  Hf,  the  y  lines  were 
observed  and  quantitatively  determined  for  the  follow¬ 
ing  radionuclides:  17SHf,  l79fff2Hf,  l8()mHf,  and  18lHf.  The 
bulk  of  the  activity  was  defined  by  1  ’Hf  and  18IHf 
formed  in  (n,  y)  reactions.  The  contribution  due  to  the 
activation  of  admixtures  of  other  elements  in  the  Hf 
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Production  of  the  17gm2Hf  isomer  in  reactions  with  neutrons 


Reaction 

17SHf(n,  g)  l7ym2Hf 

179Hf  (n,  n'y)  l79m2Hf 

1SuHf  («,  2n)  l7,,m'Hf 

Energy 

thermal 

resonance 

Eft  >  1 .5  MeV 

En>  14.8  MeV 

A/  \fi\ 

12 

12 

15/2 

12 

o;  fy  |  mb  | 

<0.2 

<13 

4.5  ±  0.5 

25* 

Om/G„ 

<2.4  x  lO”6 

<7  x  HT6 

1.6  x  10~3 

7  x  10~3 

*  Ref.  [31.  The  value  may  include  same  contribution  from  the  O,  n'y)  reaction. 


material  was  negligible.  Only  Zr  is  present  in  a  quantity 
of  about  3%,  while  the  concentration  of  other  elements 
can  be  estimated  on  a  level  <10“ 5  g/g.  As  was  expected, 
the  self-absorption  in  the  I -mm  Hf  sample  attenuated 
fluxes  of  both  thermal  and  resonance  neutrons  and  the 
reduction  factor  was  estimated  by  the  detected  yield  of 
l75Hf  and  IS,Hf.  With  such  internal  calibration  of  the 
fluxes,  the  deduced  values  of  the  thermal  cross  section 
and  the  resonance  integral  for  1S0wHf  isomer  production 
in  the  l79Hf(n,  y)  reaction  appear  to  be  in  good  agree¬ 
ment  with  the  tabular  data  [12].  Low  intensity  y  lines  of 
,7Sm2Hf  could  not  be  found  in  the  spectra  because  of  the 
much  higher  count  rate  of  other  nuclides  listed  above. 

The  yield  of  the  high- spin  l79m2Hf  isomer  was  not 
high  and  obviously  originated  from  reactions  with  fast 
neutrons.  Such  a  conclusion  is  definite,  because  the 
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Fig.  1.  Systematics  of  the  isomer-to-ground  state  ratios  for 
the  production  of  the  l79/"2Hf  isomer  in  different  reactions. 
The  solid  curve  is  used  to  guide  the  eye. 


effect  of  thermal  neutrons  was  found  to  be  insignificant 
in  that  bare  and  Cd -shielded  samples  showed  the  same 
activation  within  the  standard  error.  The  possible  reac¬ 
tions  leading  to  179"'2Hf  are  listed  in  Table  1 .  The  upper 
limit  on  oLh  is  the  result  of  the  present  measurement. 
Formally,  one  may  assume  that  the  detected  yield  of 
17 9w2 Hf  reflects  the  resonance  integral  and  then  the 
value  of  13  mb  is  deduced.  But  we  suppose  that  the 
Oz,  y)  reaction  with  slow  neutrons  makes  a  completely 
negligible  contribution  and  thus  13  mb  is  again  the 
upper  limit.  Most  favorable  is  the  ( n ,  n'y)  reaction, 
because  the  spin  deficit  A /  is  not  so  high  in  this  case  as 
compared  to  the  other  reactions  listed  in  Table  l.  The 
l79w2Hf  isomer  has  an  excitation  energy  of  1.106  MeV; 
thus  one  should  assume  an  effective  threshold  value  of 
about  1.5  MeV  for  its  population  in  ( n ,  n'y)  reactions. 
The  number  of  neutrons  with  En  >  1 .5  MeV  was  deter¬ 
mined  using  the  above-mentioned  calibration  with  the 
NiCr  spectator  and  the  known  fast-neutron  spectrum  at 
the  location  of  the  target. 

After  all,  the  cross  section  and  isomer-to-ground 
state  ratio  GmfG„  were  determined  for  production  of  the 
179"'2Hf  isomer  in  the  179w2Hf(n,  n'y)  reaction.  The  lat¬ 
ter  values  were  found  to  be  promising  for  the  accumu¬ 
lation  of  179/"2Hf  in  reactor  irradiations.  The  relatively 
good  ratio  of  ow/g„  is  understood  because  the  modest 
spin  deficit  in  the  reaction  is  partially  covered  by  the 
angular  momenta  of  the  bombarding  and  emitted  neu¬ 
trons.  The  effect  of  particle  angular  momenta  should  be 
stronger  for  the  (ny  2 n)  reaction  at  14.8  MeV,  and 
indeed  an  even  higher  isomer-to-ground  state  ratio  is 
deduced  for  the  ISUHf(rt,2«)l79w2Hf  reaction,  which  is  in 
accordance  with  the  experimental  results  from [3]. 

In  [4],  it  was  proposed  that  the  (n,  n’y)  reaction  could 
make  a  comparable  contribution  at  14.8  MeV  as  com¬ 
pared  with  the  (n,  2 n)  yield.  But  in  the  case  of  reactor 
irradiations,  the  production  of  I79"*2Hf  due  to  the  (n,  2 n) 
reaction  should  be  neglected,  because  the  reactor  spec¬ 
trum  falls  exponentially  and  the  effective  threshold  of 
the  I80HfO,  2n)mm2Uf  reaction  is  as  high  as  about 
10  MeV. 

In  Fig.  1,  the  systematics  are  shown  for  the  l79"j2Hf 
isomer-to-ground  state  ratio  versus  mean  angular 
momentum  of  the  reaction  product.  The  latter  parame¬ 
ter  is  determined  from  the  standard  recommendations 
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of  nuclear  reaction  physics.  The  spin  difference,  A/,  of 
the  entrance  and  exit  channels  of  the  reaction  is  also 
included.  Figure  1  is  plotted  using  the  results  of  Dubna 
experiments  [6-8,  10]  plus  the  measurement  [3]  for  the 
{ri,  2 n)  reaction.  One  can  see  a  strong  growth  of  the 
values  with  the  angular  momentum,  and  this  is 
explained  by  the  decrease  in  the  A/  value.  The  spin  def¬ 
icit  A 1  should  be  covered  by  the  cascade  of  statistical 
y  rays  during  the  later  stages  of  the  reaction.  Naturally, 
a  low  A/  value  can  be  reached  easier  than  high  values 
and  the  probability  is  correspondingly  changed  as 
shown  in  Fig.  1.  The  mean  angular  momentum  of  the 
spallation  product  has  not  been  known,  and  the  mea¬ 
sured  value  is  shown  as  a  strip  in  Fig.  1 .  The  strip 
width  reflects  the  standard  errors  of  the  measurements. 
The  intersection  of  the  strip  with  the  regular  curve  of 
the  systematics  may  serve  to  estimate  the  angular 
momentum  of  the  spallation  product.  The  discussed 
regularities  are  more  or  less  typical  for  the  production 
of  high-spin  isomers  in  nuclear  reactions.  In  particular, 
similar  manifestations  were  observed  and  discussed  for 
l7MHf  in  [7,  13]. 

Using  the  production  cross  section  measured  for  the 
179Hf(tt,  n'Y)179m2Flf  reaction  (see  Table  1),  one  can  esti¬ 
mate  the  rate  of  production  and  the  absolute  quantity 
that  can  be  accumulated.  Assuming  that  1  g  of  enriched 
1  tJHf  is  exposed  at  the  reactor  core  to  a  flux  of  about 
5  x  10H  n/cm2  s  during  1  month,  more  than  1016  iso¬ 
meric  179/n2Hf  nuclei  should  be  produced.  This  quantity 
is  definitely  enough  for  the  preparation  of  a  179m2Hf  tar¬ 
get  for  use  in  triggering  experiments. 

Fortunately,  the  neutron  irradiation  of  179Hf  in  a 
reactor  leads  only  to  the  production  of  I79m2Hf  and 
180wHf  activities,  and  the  latter  one  is  short-lived,  with 
Tm  -5.5  h.  No  significant  background  activities  are 
created  if  the  l79Hf  material  is  chemically  purified  and 
highly  enriched.  The  admixtures  of  174Hf  and  I80Hf 
i  should  besuppressed,  otherwise  long-lived  back¬ 
grounds  from  175Hf  and  lfUHf  will  arise.  Anyway,  the 
use  of  pure  isotopic  l79Hf  target  allows  one  to  suppress 
the  backgrounds  and  to  avoid  a  strong  activation. 

However,  this  method  of  isomer  production  has 
some  disadvantages.  The  feedstock  I79Hf  material  can¬ 
not  be  separated  from  the  produced  isomeric  l79w2Hf 
either  by  chemical  processing  or  by  isotope  separation. 
For  many  experiments  with  isomeric  targets,  the  pres¬ 
ence  of  a  large  amount  of  stable  ground-state  nuclei 
would  create  backgrounds  much  more  intense  than  the 
useful  signal.  The  separation  of  isomer  from  the  ground 
state  is  a  technically  difficult  problem,  but  laser  separa¬ 
tion  methods  may  be  capable  of  solving  it.  In  the  liter¬ 
ature  [14],  experiments  are  described  along  this  direc¬ 
tion  and  they  are  promising  specifically  for  Hf  isomer 
isolation  from  the  ground  state  of  the  same  nuclide. 

Finally,  let  us  discuss  the  problem  of  the  “burnup” 
of  the  produced  isomeric  nuclei  in  reactor  irradiations. 
Thermal  neutron  capture  is  the  most  destructive  pro¬ 


cess,  because  the  cross  section  oL[1  can  be  as  high  as 
thousands  of  bams  for  isomers.  Unfortunately,  they 
have  not  yet  been  measured  and  this  is  a  challenge  for 
modem  neutron  experiments.  Nevertheless,  if  the  flu- 
ence  of  neutrons  in  reactor  irradiation  reaches  a  value 
near  1021  n/cm2,  then  the  accumulation  process  can  be 
disturbed  by  destruction  due  to  the  thermal  neutron 
capture  reaction  on  the  produced  isomer.  The  same  is 
also  true  for  resonance  neutrons,  but  their  flux  is  typi¬ 
cally  lower  than  that  of  thermal  neutrons.  The  feedstock 
isotopes  are  also  in  danger  of  useless  depletion  under 
high-fluence  neutron  irradiations  because  of  their  pos¬ 
sible  transmutation  to  the  neighboring  (A  +  1)  isotope 
of  the  same  element  instead  of  ( n ,  n'y)  production  of  the 
desired  isomer. 

The  restrictions  due  to  the  transmutation  and  burnup 
processes  are  insignificant  for  the  present  experiment 
because  the  fluence  values  used  are  low,  being  of  about 
10lfS  n/cm2.  Even  a  30-day  irradiation  at  a  flux  of  5  x 
1014  n/cm2  s  discussed  above  should  not  be  extremely 
dangerous.  But  strictly  speaking,  this  is  dependent  on 
the  unknown  and  resonance  integral  L{  values  for  the 
179m2Hf  nuclei. 

Attempts  to  produce  I78m2Hf  in  massive  neutron  irra¬ 
diations,  like  the  experiment  in  [2],  should  be  definitely 
influenced  by  burnup  of  the  isomeric  nuclei.  The 
destruction  of  l7Km2Hf  was  tested  in  experiments  in  [15] 
when  its  transmutation  to  179w2Hf  was  observed  in  the 
17«Hf(n,  y),79fll2Hl  reaction.  The  a,h  cross  section  and 
Iy  value  had  been  determined  by  the  method  of  activa¬ 
tion  for  this  partial  branch  of  the  neutron  capture  reac¬ 
tion.  And  the  yield  of  the  stable  ground  state  of  l79Hf 
could  not  be  measured.  However,  for  the  burnup,  the 
total  capture  cross  section  is  important,  including  both 
isomeric  and  ground  state  population.  According  to 
[16],  the  isomer  and  ground  state  can  be  populated  with 
comparable  cross  section  after  neutron  capture  to 
highly  excited  compound  states.  Consequently,  we  may 
assume  now  that  the  total  atjl  and  ly  values  are  just  two 
times  higher  those  measured  for  the  final  179//;2Hf  state. 

With  such  an  assumption,  the  fluence  dependence  of 
l78"/2Hf  isomer  accumulation  is  calculated  and  shown  in 
Fig.  2. 

The  transmutation  functions  are  also  given  for  sta¬ 
ble  feedstock  isotopes.  The  cross  sections  of  neutron 
capture  and  Iy  values  are  accounted  for  following  [12]. 
The  l7Sw2Hf  production  cross  section  was  taken  from 
[2],  and  the  destruction  process  is  estimated  as 
described  above  based  on  the  results  from  [15].  One  can 
see  that,  at  fluences  above  1021/cm2,  the  accumulation 
curve  deviates  strongly  from  a  linear  function  and  even 
decreases.  This  is  due  to  both  the  transmutation  of  the 
feedstock  177Hf  target  nuclei  and  to  the  burnup  of  the 
accumulated  l7!i"'2Hf.  The  conclusion  can  be  drawn  that 
the  role  of  destruction  is  underestimated  in  [2]  for 
178w2Hf.  One  note  more:  the  stable  179Hf  isotope  is  long- 
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lasting  in  the  neutron  flux,  so  it  can  be  effectively  used 
for  the  accumulation  of  the  l79m2Hf  isomer  within  the 
irradiation  time  restricted  by  the  isomer  lifetime. 

In  summary,  the  179Hf(n,  n’y)179,/,2Hf  production 
reaction  is  shown  to  be  a  method  of  accumulation  of  the 
n0/"2Hf  high-spin  isomer.  It  can  be  stored  in  an  amount 
of  10[6  atoms  for  a  reasonably  lost  cost,  observing  the 
radiation  safety  conditions  in  standard  reactor  irradia¬ 
tions.  Other  neutron-induced  reactions  with  Hf 
nuclides  are  also  discussed  regarding  aspects  of  pro¬ 
duction  and  transmutation  of  their  isomers. 
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Abstract— Realistic  approaches  to  triggering  of  the  179w2Hf  isomer  are  discussed.  The  nuclear  level  scheme  of 
I79Hf  suggests  three  promising  ways  for  triggering,  but  two  of  them  are  seemingly  closed  by  the  high  multipo¬ 
larities  of  the  required  electromagnetic  transitions.  New  possibilities  are  deduced  by  utilizing  a  model  of 
atomic-nuclear  compound  states  to  overcome  such  restrictions.  A  new  and  productive  method  of  observing  trig¬ 
gering  would  be  based  on  the  use  of  an  electron  cyclotron  resonance  ion  trap  (ECRIT).  Some  quantitative 
details  of  the  behavior  of  l7<J",2Hf  and  -42wAm  atomic-nuclear  systems  in  an  ECRIT  environment  are  examined. 
Many  important  parameters  are  as  yet  unknown,  and  they  can  be  estimated  only  after  the  new  type  of  experi¬ 
ments  proposed  here,  in  which  high  rates  of  triggering  are  possible. 


1.  INTRODUCTION 

The  idea  to  observe  the  induced  decay  of  a  nuclear 
level  has  been  known  in  the  literature  for  more  than 
50  years,  and  the  application  of  such  a  process  to  the 
creation  of  the  gamma-ray  laser  has  also  been  pro¬ 
posed.  In  photon-induced  nuclear  reactions  using 
bremsstrahlung  sources,  the  population  and  induced 
depopulation  of  nuclear  isomeric  states  were  conclu¬ 
sively  observed.  Astrophysical  science  employed  this 
knowledge  for  the  evaluation  of  the  production  and  bur- 
nup  of  some  special  nuclear  states  in  stellar  conditions. 
This  effect  strongly  influences  the  cycles  of  isotope 
production  in  stars  and,  finally,  their  observed  abun¬ 
dances.  Papers  [1-3]  provide  a  good  orientation  on  this 
topic. 

Another  branch  of  applications  relies  on  the  creation 
of  pulsed  y  ray  sources  and,  in  an  extreme  case,  of  a 
y  ray  laser.  Most  experiments  along  this  line  have  been 
performed  on  the  long-lived  180mTa  and  I78w2Hf  isomers 
and  remain  of  considerable  importance.  The 
bremsstrahlung  from  medical  units  and,  recently,  syn¬ 
chrotron  radiation  have  been  used  for  these  experi¬ 
ments.  The  general  problem  of  X-ray  driven  gamma 
emission  is  reviewed  in  [4]. 

The  probability  of  inducing  depopulation  of  an  iso¬ 
meric  level  strongly  depends  on  the  intrinsic  micro¬ 
scopic  structure  of  the  participating  nuclear  states.  In 
deformed  nuclei  are  found  the  well-known  K  isomers 
that  are  formed  due  to  the  partial  conservation  of  the  K 
quantum  number.  The  importance  of  K  conservation 
and  the  possibilities  for  K  mixing  have  been  discussed, 
for  instance,  in  [5,6].  The  l78w2Hf  isomer  is  considered 
to  be  the  most  promising  /Cisomer  because  of  its  high 
excitation  energy,  about  2.45  MeV.  The  specific  energy 
stored  in  the  form  of  nuclear  excitation  is  highest  for 
l78w2Hf  in  comparison  with  other  isomers.  In  addition, 


one  may  expect  the  presence  of  some  level  with  a 
X-mixed  wavefunction  not  far  above  the  isomeric  state 
because  the  K- mixing  amplitude  generally  grows 
strongly  with  the  excitation  energy  [7,8].  Based  on  this 
expectation,  experiments  on  triggering  of  1™H1  have 
been  developed  extensively  over  the  past  few  years.  In 
principle,  however,  it  was  clear  even  earlier  that  other 
isomers  can  also  be  attractive  for  a  triggered  release  of 
“clean”  nuclear  energy.  Previously,  we  and  other 
authors  listed  long-lived  isomers  that  may  be  poten¬ 
tially  useful  for  investigation,  but  detailed  analysis  only 
began  in  2000. 

In  [9],  the  properties  of  the  177mLu  and  242mAm  iso¬ 
mers  were  discussed  based  on  nuclear  spectroscopic 
and  nuclear  reaction  data.  Their  advantages  for  trigger¬ 
ing  experiments  were  concluded  because  of  the  favor¬ 
able  position  of  a  triggering  level,  appropriate  decay 
properties,  and  effective  production  possibilities. 
Recently,  the  description  a  technical  project  for  the  cre¬ 
ation  of  17?mLu  isomeric  targets  has  been  appeared  in 
the  literature  [10],  meaning  that  some  steps  for  isomer 
applications  are  in  progress. 

An  additional  proposal  on  a  way  to  use  individual 
excited  sates  of  definite  nuclides  for  pumping  or  trig¬ 
gering  was  presented  in  [11  13]  and  concrete  proper¬ 
ties  of  some  states  were  analyzed.  New  ideas  on  the 
hybridization  of  the  atomic-nuclear  excitation  of  possi¬ 
ble  suppression  of  the  Auger  conversion  in  highly  ion¬ 
ized  plasma  and  of  possible  nuclear  fluorescence  past 
restoration  of  a  solid  lattice  were  also  given  in  [1 1-13]. 
Another  group  of  nuclear  states  was  described  in  [14], 
in  which  numerical  estimations  for  triggering  cross  sec¬ 
tions  via  photon  absorption,  NEET,  and  Coulomb  exci¬ 
tation  mechanisms  were  obtained  in  a  classical  manner. 
Unfortunately,  the  resulting  values  were  extremely  low, 
thus  eliminating  optimistic  expectations  for  real  exper- 
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Fig.  1.  Level  bands:  in  179Hf-  candidates  for  three  ways  of 
triggering  the  1 79w2H f  isomer. 


iments.  The  Coulomb  excitation  approach  to  pumping 
was  introduced  in  [15],  and  at  that  time  it  was  already 
clear  that  a  reasonably  high  rate  of  nuclear  level  pump¬ 
ing  can  be  achieved  only  for  the  electromagnetic  transi¬ 
tions  of  collective  nature  when  the  reduced  probability 
is  enhanced  by  a  factor  of  100  above  the  standard  Weis- 
skopf  strength.  Therefore,  it  was  not  unexpected  that 
the  calculations  in  [14]  predicted  very  low  probabilities 
for  strongly  hindered  transitions.  New  mechanisms 
should  be  sought  to  enhance  the  possibilities  of  trigger¬ 
ing. 

In  the  present  article,  we  will  stress  the  properties  of 
the  179"'2Hf  isomer  as  a  candidate  for  triggering  experi¬ 
ments.  This  high-spin  (25/2”)  K  isomer  has  a  reason¬ 
ably  long  half-life  (7j/2  -  25 . 1  d)  and  a  rather  high  exci¬ 
tation  energy  of  1 .106  keV,  corresponding  to  the  accu¬ 
mulation  of  about  0.5  MJ/mg  in  specific  energy.  After 
being  triggered,  this  nuclide  would  emit  a  series  of  pho¬ 
tons  in  the  ultrashort  wave  band  of  y  rays  of  200  to 
300  keV. 

New  possibilities  for  triggering  experiments  will  be 
described.  In  particular,  triggering  may  be  strongly 
realized  in  plasma  surroundings  within  an  electron 
cyclotron  resonance  ion  trap. 


2.  PRODUCTION  OF  l79m2Hf 

The  high-spin  and  high- AT  isomer  in  179Hf  was  dis¬ 
covered  30  years  ago  [16]  using  the  producing  reaction 
of  176Yb(4He,  rt)n  w2Hf.  The  quantity  of  isomer  pro¬ 
duced  was  sufficient  for  its  identification,  spectroscopic 
studies,  and  decay  scheme  construction.  However,  the 
absolute  yield  of  isomeric  nuclei  was  not  reported. 
Later,  within  a  program  of  irradiations  for  the  accumu¬ 
lation  of  I78m2Hf  in  a  similar  reaction,  l7<vYb(4He,  2 n), 
the  174m2Hf  isomer  was  also  detected  and  its  absolute 
yield  and  excitation  function  were  measured  [17].  It 


was  clear  that  179/"2Hf  was  produced  with  a  cross  section 
that  was  much  lower  (by  a  factor  of  about  20)  as  com¬ 
pared  to  l7Sm7Hf.  This  means  a  possible  accumulation  of 
only  about  1013  atoms  of  I7y,/;2Hf  after  a  one-month  irra¬ 
diation  with  a  high-current  cyclotron  using  a  30-MeV 
4He-ion  beam.  Such  a  quantity  restricts  the  possibilities 
for  practical  applications,  as  well  as  the  majority  of 
experiments  using  179/"2Hf  as  a  target. 

Recently,  production  of  the  l79™2Hf  isomer  has  been 
successfully  observed  [18]  in  the  spallation  of  Ta  to  Re 
targets  with  intermediate  energy  protons  in  the  range  of 
200-660  MeV.  Its  yield  is  even  a  little  higher  than  the 
yield  of  ,78m2Hf.  As  is  known,  many  current  trigger 
experiments  with  178"'2Hf  targets  use  material  produced 
in  the  spallation  reaction  at  the  Los  Alamos  800-MeV 
high-current  proton-beam  facility.  But  this  production 
method  cannot  be  used  for  I79,"-Hf  because  of  its 
25.1 -day  half-life.  The  massive  irradiated  targets  at  Los 
Alamos  were  kept  for  cooling  over  a  period  of 
(10-20)  years  before  processing  because  of  their 
extremely  high  activities.  The  179w2Hf  nuclide  would  be 
decayed  completely  after  such  long  cooling,  while  such 
a  period  has  little  impact  on  the  quantity  of  1/8m2Hf 
(T in  ~  31  years).  Thus,  until  2003,  no  effective  method 
for  I79"'2Hf  target  preparation  was  known. 

Irradiation  of  a  hafnium  metal  target  of  natural  iso¬ 
topic  composition  was  arranged  [19]  attheDubna  1BR- 
2  reactor.  The  yield  of  179m2Hf  was  reliably  detected  by 
y-spectrum  measurements  after  activation  of  the  target. 
It  was  shown  that  I79"'2Hf  can  be  stored  in  an  amount  of 
above  1016  atoms  after  irradiation  in  standard  reactors 
as  the  result  of  the  l79Hf(n,  riy)n9m2Hf  reaction  with  fast 
neutrons  of  the  fission  spectrum.  If  a  purified  highly 
enriched  179Hf  target  is  used  in  reactor  irradiations,  one 
may  expect  the  production  of  a  rather  clean  activity  of 
I79m2Hf.  The  number  of  atoms  produced  should  be 
enough  for  many  experiments  with  this  isomeric  mate¬ 
rial,  but  for  some  types  of  studies  the  presence  of  stable 
179^Hf  nuclei  in  much  larger  amounts  may  create  a  sig¬ 
nificant  background.  Prior  to  such  experiments,  meth¬ 
ods  for  separation  of  the  isomeric  and  ground  states  of 
the  same  nuclide  would  be  needed.  Technical  possibil¬ 
ities  for  this  separation  exist  today  [20],  being  in  prep¬ 
aration  especially  for  hafnium. 

The  potential  for  production  of  significant  amounts 
of  I79m2Hf  opens  some  new  options  for  trigger  experi¬ 
ments  and  requires  a  careful  analysis  of  possible  trig¬ 
gering  experiments  with  this  special  isomer. 


3.  POSSIBLE  SCHEMES  FOR  TRIGGERING 
OF  179",2Hf 


The  partial  level  scheme  of  179Hf  is  shown  in  Fig.  1 , 
in  accordance  with  [21, 22].  In  this  figure,  three  bands 
are  shown  in  addition  to  the  m2  isomeric  state  and  were 
selected  according  to  some  advantageous  properties 
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that  make  these  bands  interesting  for  triggering.  Three 
different  ways  for  triggering  can  be  considered,  one  for 
each  of  the  bands  shown.  The  different  properties  of 
each  band,  when  used  to  provide  an  intermediate  state 
for  triggering,  lead  to  a  great  variation  among  the  tech¬ 
nical  methods  likely  to  be  most  effective  for  the  obser¬ 
vation  of  triggering. 

I.  One  possible  means  of  triggering  may  exploit  an 
assumed  X-mixed  component  of  the  wavefunction  for 
stales  in  the  ground-state  band  (g.s.b.),  in  particular,  for 
the  21/2+  and  23/2+  levels.  The  up-conversion  scheme 
of  triggering  was  discussed  earlier  for  l78^Hf  and 
I77wLu  isomers.  A  favorable,  low-multipolarity  El  tran¬ 
sition  is  possible  for  triggering  by  resonance  absorption 
of  photons  in  the  excitation  of  the  23/2+  g.s.b.  level  in 
I79Hf  from  the  25/2“  m2  state.  Unfortunately,  the  energy 
of  this  transition  is  rather  high,  246  keV,  meaning  that, 
for  the  release  of  y  radiation  by  triggering  of  the  isomer, 
one  has  to  use  incident  radiation  of  comparable  wave¬ 
length.  This  is  not  economic  from  the  perspective  of 
quantum  efficiency.  The  transition  to  the  lower  lying 
member  of  the  g.s.b.  having  2l/2+  is  accompanied  by 
the  release  of  21  keV  in  each  event.  The  transition  has 
a  multipolarity  of  M2  and  occurs  in  the  spontaneous 
decay  of  the  179"(2Hf  isomer.  A  triggered  transition  to  the 
lower  lying  level  should  also  be  possible,  similar  to  the 
excitation  of  the  higher  level.  The  mechanism  is  quite 
different,  however,  as  it  is  not  resonance  photon  absorp¬ 
tion  but  stimulated  resonance  emission.  The  rate  of  iso¬ 
mer  decay  can  be  increased  due  to  such  stimulated 
emission  and  also  as  a  result  of  stimulated  electron  con¬ 
version  under  not  resonance  photon  irradiation.  Quan¬ 
titative  estimations  of  the  possible  decay  acceleration 
are  difficult  because  there  are  several  unknown  proba¬ 
bilities  of  the  processes.  Experiments  on  resonance 
stimulation  of  179w2Hf  isomer  decay  under2l-keV  pho¬ 
ton  irradiation  look  promising  and  can  be  realized  with 

t  bright  synchrotron  (wiggler)  radiation  sources. 

II.  This  approach  may  be  discussed  because  a  7/2+ 
level  is  known  in  179Hf  and  is  located  very  close  above 
the  m2  isomer.  One  can  see  in  Fig.  1  that  the  transition 
energy  corresponds  to  the  far  UV  band  being  70  eV; 
however,  a  large  spin  difference  makes  this  transition 
seemingly  impossible.  Still,  in  a  very  dense  radiation 
bath,  like  that  produced  by  a  high-intensity  free  elec¬ 
tron  laser  or  high-power  optical  laser  beam,  the  transi¬ 
tion  may  have  a  detectable  probability  via  multiphoton 
absorption  or  other  mechanisms  that  include  the  cou¬ 
pling  of  nuclear  and  atomic  excitations.  The  latter  top¬ 
ics  are  discussed  below  after  a  description  of  the  tech¬ 
nical  possibilities  for  operating  with  highly  ionized 
atomic  states  in  plasma  created  by  modern  ion  sources 
or  by  the  interaction  of  short,  powerful  laser  bursts  with 
a  solid. 

III.  Another  way  of  triggering  via  the  band  built  on 
the  19-s  lived  I79mlHf  isomer  looks  attractive.  The  ml 
state  is  not  populated  in  the  m2  spontaneous  decay,  and 


if  ml  appears  following  irradiation  of  an  m2  sample, 
then  triggering  will  be  strongly  confirmed.  High  exper¬ 
imental  sensitivity  is  the  advantage  of  this  method  of 
observation.  However,  a  problem  arises  due  to  the  large 
difference  of  spin  and  K  quantum  numbers  between  the 
initial  and  final  levels  in  triggering.  According  to  [23], 
there  exists  the  possibility  to  ameliorate  this  restriction 
using  the  capture  of  an  additional  photon. 

A  sample  should  be  exposed  simultaneously  to 
gamma  photons  for  the  resonance  nuclear  transition 
and  to  a  high-density  optical  laser  beam.  The  transition 
to  the  15/2  state  of  this  band  requires  a  resonance  pho¬ 
ton  energy  near  90  keV  (see  Fig.  1),  i.e.,  within  the  fre¬ 
quency  band  covered  by  the  bremsstrahlung  and  syn¬ 
chrotron  radiation  sources.  The  multipolarity  is  L  -  5, 
instead  of  L  =  9  as  in  case  II.  And  even  additional  pho¬ 
ton  capture  in  the  scheme  of  [23]  might  not  be  enough 
to  successfully  reduce  the  hindrance  factors.  The  same 
is  definitely  also  true  for  case  11,  and  in  fact  new  mech¬ 
anisms  should  be  proposed  to  realize  these  high-multi¬ 
polarity  electromagnetic  transitions.  As  mentioned 
above,  the  Coulomb  excitation  reaction  does  not 
improve  the  situation  decisively,  but  some  processes, 
including  the  hyperfine  interaction  of  nucleus  and 
atomic  shells,  can  be  valuable. 

4.  TECHNICAL  SCHEMES  OF  TRIGGERING 

Historically,  the  triggering  of  isomers  was  sug¬ 
gested  to  be  a  photon-induced  process,  either  through 
self-triggering  in  stimulated  emission  or  through  the 
up-conversion  scheme  via  photon  absorption  from  an 
isomer  to  a  short-lived  level.  The  experiments  with 
1S0"'Ta  and  17K"^Hf  isomers  follow  the  up-conversion 
scheme  and  use  incident  bremsstrahlung  or  synchrotron 
radiation  as  the  triggering  agent.  The  highest  sensitivity 
could  be  reached  with  the  beams  from  undulators  or 
wigglers  installed  in  electron  synchrotrons.  Experi- 1 
ments  are  in  progress  [25-  27]  using  the  brightest  syn¬ 
chrotron  light  sources  at  SPring-8  and  Argonne  and 
Brookhaven  National  Laboratories.  The  experimental 
details  are  described  in  the  cited  references.  The  photon 
absorption  scheme  remains  attractive  for  the  triggering 
of  isomers  and  for  the  I79m2Hf  isomer  in  particular.  The 
first  and  third  approaches  described  above  for  t79';?iHf 
can  be  experimentally  tested  using  intense  X-ray 
sources. 

Another  technical  possibility  arises  when  one  uses 
the  radiation  environment  in  the  dense  plasma  created 
by  a  short  pulse  of  laser  light  interacting  with  a  solid. 
The  excitation  of  the  isomeric  state  in  18ITa  has  been 
reported  [28]  and  explained  as  a  photon  absorption  pro¬ 
cess  from  the  continuous  spectrum  of  plasma  radiation, 
which  is  quite  intense  near  the  energy  needed  for  the 
isomeric  state  excitation,  i.e.,  near  6.24  keV. 

In  our  works  LI  1, 12],  the  idea  to  use  atomic-nuclear 
resonance  in  a  highly  ionized  plasma,  in  addition  to 
photon  absorption,  was  stressed.  It  was  realized  that  a 


LASER  PHYSICS  Vol.  14  No.  2  2004 


4 


K  ARAM  IAN  et  al. 


Solenoid  field 


Fig.  2.  Schematic  layout  of  a  typical  ECR  array. 


large-amplitude  resonance  between  nuclear  and  atomic 
transitions  requires  matching  not  only  the  frequencies 
(transition  energies)  but  also  the  widths  of  the  reso¬ 
nances.  The  atomic  transition  is  normally  shorter  lived 
than  the  nuclear  one,  and  the  width  of  the  latter  is  much 
smaller.  The  narrow  nuclear  transition  should  be  cou¬ 
pled  with  the  wider  atomic  one  and  the  overall  reso¬ 
nance  amplitude  is  reduced.  In  this  way,  a  low  probabil¬ 
ity  near  10-'  for  nuclear  excitation  by  electron  transi¬ 
tion  (NEET)  can  be  understood  in  agreement  with  the 
measurements  [29]  for  197Au  nuclei. 

The  situation  for  triggering  of  the  242,"Am  isomer 
was  analyzed  in  [12,  13].  It  was  clarified  that  the  con¬ 
version  of  the  ionization  energy  within  atomic  shells 
via  Auger  and  Coster-Kronig  nonrad iative  processes 
could  be  another  important  factor  reducing  the  NEET 
probability.  Fortunately,  in  hot  plasma  surroundings, 
auto-ionization  processes  are  suppressed  because  of  the 
high  charge  state  of  ions  and  the  removal  of  a  majority 
of  the  outer  electrons.  This  serves  as  a  feedback  mech¬ 
anism  for  the  enhancement  of  radiative  and  NEET  pro¬ 
cesses.  The  presence  of  many  charge  states  is  also  valu¬ 
able  for  exact  matching  of  the  nuclear  and  atomic  ener¬ 
gies,  because  the  atomic  transition  energy  depends  on 
the  charge  state.  An  atomic-nuclear  width  mismatch 
exists  in  the  case  of  triggering  for  the  242/,,Am  isomer. 
Indeed,  the  radiative  lifetime  of  a  vacancy  in  the  M 
shell  of  the  americium  atom  is  estimated  [30]  to  be 
about  10  fs,  while  the  triggering  level  located  4.2  keV 
above  the  isomeric  state  in  the  242Am  nucleus  has  a  life¬ 
time  of  about  100  ps.  These  different  width  values  lead 
to  a  decrease  in  the  NEET  probability.  However,  the  rel¬ 
atively  long  time  of  nuclear  fluorescence  can  be  very 
important  in  another  advantageous  aspect. 

In  [12],  it  was  proposed  that  nuclear  level  pumping 
in  a  hot  dense  plasma  can  be  combined  with  lasing  in  a 
solid.  The  time  scale  of  the  processes  following  the 
pulsed  release  of  energy  in  a  solid  was  considered,  and 


it  was  concluded,  based  on  known  experiments,  that  the 
solid  matter  could  be  recovered  and  recrystallized 
within  a  time  scale  of  about  100  ps.  The  characteristic 
time  of  nuclear  fluorescence  can  be  of  such  order  of 
magnitude  or  longer;  i.e.,  the  radiance  happens  in 
almost  cold  crystalline  matter.  This  is  favorable  for 
increasing  the  probability  of  collective  radiance  within 
the  Mossbauer  scheme  of  the  y-ray  laser.  In  the  litera¬ 
ture,  the  understanding  that  a  hot  pumping  contradicts 
the  use  of  Mossbauer  resonance  processes  dominates. 
Now,  we  suppose  [12]  that  this  may  not  be  absolutely 
true  in  all  cases. 

In  [13],  the  possible  hybridization  of  the  atomic  and 
nuclear  excitation  is  stressed  and  it  is  proposed  that  the 
plasma  surrounding  in  modern  ion  sources  or  ion  traps 
(the  same  as  in  laser  plasma)  can  also  be  productive  for 
the  nuclear  level  pumping  via  atomic-nuclear  reso¬ 
nance.  The  role  of  hybridization  for  179//,2Hf  triggering 
is  discussed  in  the  next  section  within  the  scheme  of  a 
nucleus-atomic  compound  system.  Here,  more  details 
on  the  ion  source  are  given. 

Electron  cyclotron  resonance  ion  sources  (ECR IS) 
and  ion  traps  (ECRIT)  have  found  wide  application  in 
accelerator  techniques  and  in  physical  studies  over  the 
past  15  years.  The  typical  layout  of  ECRIT  elements  is 
shown  in  Fig.  2.  Ions  are  confined  in  the  cylindrical^ 
symmetric  cavity  by  a  magnetic  field  in  the  axial  direc¬ 
tion  created  by  two  solenoids  and  in  the  radial  direc¬ 
tion,  by  the  hexapole  magnet.  The  ionization  of  the 
residual  atoms  in  the  vacuum  is  produced  by  electrons 
accelerated  in  the  microwave  electromagnetic  field. 
The  electrons  circle  around  magnetic  field  lines  under 
the  condition  of  cyclotron  resonance,  and  the  high  den¬ 
sity  of  electrons  creates  a  plasma  in  the  central  volume 
of  the  cavity.  The  microwaves  and  working  gas  are  sup¬ 
plied  from  the  right  side  along  the  axis,  and  the  left  side 
can  be  used  for  the  extraction  of  ions  in  the  EC  R  IS  ver¬ 
sion  of  the  array  or  for  diagnostics  by  the  X-ray  radia¬ 
tion  emitted  from  the  plasma. 

It  Is  well  known  that  the  plasma  density  in  an  ECR 
array  increases  with  the  frequency  applied  and  with  the 
magnetic  field  strength.  At  the  more  or  less  standard 
frequency  of  about  15  GHz,  a  plasma  density  of  above 
1012  ions/cm3  can  be  achieved.  The  typical  time  of  con¬ 
finement  is  about  1  ms  before  ions  (atoms)  are  absorbed 
by  the  wall.  However,  if  hot  walls  are  used,  one  can 
expect  multiple  cycles  of  usage  for  each  individual 
atom.  The  spectrum  of  ion  charge  states  extracted  from 
ECRIS  is  rather  wide,  and  a  high  grade  of  ionization 
can  be  reached.  The  20+  and  30+  ions  of  heavy  element 
atoms  are  typically  produced  in  ECRIS. 

In  singly  ionized  atoms  of  a  heavy  element,  the  life¬ 
time  of  vacancy  for  inner  shells  such  as  L  and  M  should 
be  about  0. 1-1.0  fs  according  to  [30].  This  is  due  to 
both  Auger  auto-ionization  and  radiative  transitions  of 
free  or  outer  electrons  to  fill  the  vacancy.  In  ECR  sur¬ 
roundings,  when  an  ion  is  stripped  to  a  high  charge 
state,  these  processes  are  significantly  retarded.  Indeed, 
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Isomeric  atom  in  ECRIT;  estimated  parameter  values 


Parameter 

Value 

Remark 

Number  of  isomeric  atoms  in  plasma 

10u 

10%  concentration 

Time  of  confinement 

(lO'-’-IO0)  s 

Dependent  on  the  array  design 

Electron  excitation  rate 

-lO'Vion  s 

Deduced  from  the  measured  current  of  ions 

Detectable  rate  of  triggering 

>104/s 

For  10 13  nuclei  of  242mAm 

Detectable  NEET  probability,  PNEET 

>10“14 

Lower  limit 

Trig goring  rate  with  P N£ET  =  10“ 10 

~10s/s 

High  productivity 

free  electrons  are  accelerated  to  the  keV  energy  range 
and  the  probability  of  recombination  is  greatly  reduced. 
When  the  outer  shell  electrons  are  removed,  Auger  con¬ 
version  is  stopped. 

In  a  more  quantitative  approach,  an  ion  can  capture 
an  electron,  but  it  becomes  stripped  again.  The  yield  of 
a  specific  charge  state  is  defined  by  the  cross-sectional 
ratio  of  the  electron  capture  and  loss.  This  means  that 
the  ion  remains  in  its  most  likely  charge  state  almost 
50%  of  the  time  because  of  the  balance  between  cap¬ 
ture  and  loss  processes. 

This  does  not  imply  that  all  electrons  are  frozen  into 
the  inner  orbitals  of  the  ion.  In  reality,  the  cross  section 
for  bound  electron  excitation  can  be  higher  than  the 
electron  capture  cross  section  and  the  electron  shells  of 
the  ion  are  systematically  perturbed  with  the  excitation 
of  electrons  to  higher  shells.  In  a  capture  event,  high 
angular  momenta  atomic  levels  are  also  populated.  One 
can  presume  that  in  highly  charged  ions  the  outer  elec¬ 
trons  are  removed,  but  vacant  levels  are  systematically 
fed  by  the  excitation  of  inner-shell  electrons.  This  pro¬ 
vides  the  unique  possibility  of  confining  strongly  ion¬ 
ized  atomic  species  for  a  long  time  and  of  observing 
their  excitation  and  fluorescence. 

In  particular,  the  described  processes  may  be  very 
useful  for  the  nuclear  conversion  of  the  atomic  ioniza¬ 
tion  energy.  When  Auger  conversion  is  stopped,  the 
electron  excitation  can  decay  only  with  the  fluores¬ 
cence  photon  emission  or  with  the  transfer  of  energy  to 
the  matching  nuclear  transition.  To  consider  this  case, 
let  us  discuss  some  numerical  estimates  for  242Am.  The 
hypothetical  nuclear  triggering  level  at  52.8  keV  has  a 
half-life  of  about  10_l°  s  according  to  standard  nuclear 
spectroscopic  calculations  and  taking  into  account  the 
experimental  conversion  coefficient.  The  width  of  this 
state  is  10-4  of  the  M-vacancy  radiative  width,  and  the 
nuclear/atomic  width  ratio  seems  relatively  moderate. 
The  NEET  probability,  however,  is  defined  by  the  par¬ 
tial  width  of  the  triggering  transition,  not  by  the  full 
width  of  the  triggering  level.  The  low-energy  (4.2  keV) 
E2  radiative  transition  to  the  nuclear  trigger  level  is 
characterized  by  a  width  as  low  as  1(H  of  the  total 
width  of  the  upper  level.  As  a  result,  the  probability  of 
NEET  is  estimated  to  be  ~10~12.  Such  an  estimation 
contains  the  Weisskopf  strength  of  a  single-particle 


nuclear  transition  but  considers  there  to  be  no  hin¬ 
drance  by  the  K  quantum  number.  Taking  into  account 
the  likely  K  hindrance,  even  lower  values  are  expected, 
although  this  effect  may  not  be  large  because  NEET 
includes  an  electron  transition.  It  is  well  known  that 
hindrance  factors  for  electron  conversion  are  reduced  in 
comparison  with  those  for  the  photon  emission  process. 
In  any  event,  10~12  can  be  taken  for  orientation  as  a 
more  or  less  optimistic  estimation  of  the  NEET  proba¬ 
bility  in  242Am. 

Absolute  calculation  of  the  triggering  yield  in 
ECRIT  conditions  is  quite  difficult  because  some 
parameters  are  still  unknown.  The  estimated  values  are 
given  in  Table  1 .  As  was  discussed,  an  individual  atom 
can  be  kept  in  the  E^CR  volume  as  long  as  0.1-1 .0  s  if  it 
is  multiply  desorbed  from  the  hot  walls.  During  1  s,  the 
atom  remains  mostly  in  a  high-charge  state  and  its  inner 
shells  are  multiply  excited  to  unoccupied  levels.  Each 
time,  there  is  a  certain  probability  for  nuclear  excitation 
that  should  be  multiplied  by  the  number  of  attempts  and 
the  number  of  atoms. 

The  whole  volume  of  the  active  ECR  zone  may  con¬ 
tain  10 13  isomeric  atoms.  Based  on  the  total  beam  cur¬ 
rent  extracted  from  an  ECR  IS,  one  may  assume  that  the 
electron  excitation  rate  for  ions  is  as  high  as  lOVs. 
Combining  these  numbers  with  the  NEET  probability 
(10~12),  one  deduces  the  triggering  event  rate  to  be 
l06/s.  This  is  definitely  enough  for  the  detection  of  trig¬ 
gering,  and  even  a  rate  lower  by  2  orders  -of  magnitude 
can  be  successfully  detected  for  the  case  of  242j,,Am 
according  to  [9].  It  should  be  noted,  however,  that  such 
a  rate  of  triggering,  being  a  lower  limit,  corresponds  to 
an  extremely  low  NEET  probability  of  about  \0~u. 
Thus,  one  concludes  that  ECRIT  can  be  very  produc¬ 
tive  for  nuclear  excitation  and  triggering.  With  higher 
physical  probability,  the  yield  of  radiation  can  achieve 
a  level  interesting  for  applications,  not  only  for  mea¬ 
surements  of  significant  parameters.  In  the  following 
section,  we  discuss  transitions  between  atomic-nuclear 
hybrid  states.  Hopefully,  the  hindrance  factors  can  be 
reduced  and  the  probability  of  nuclear  excitation 
thereby  enhanced. 
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Fig.  3.  Atomic-nuclear  compound  states  that  can  be  formed 
before  and  after  1 79"'2Hf  triggering, 


5.  ROLE  OF  ATOMIC-NUCLEAR 
COMPOUND  STATES 

If  one  uses  scheme  II  for  l79m2Hf  triggering  (see 
Fig.  I),  the  transition  will  have  a  rather  low  energy  of 
only  about  70  eV.  A  similar  energy  nuclear  transition  in 
233U  can  be  excited  in  hot  plasma  conditions  according 
to  [31].  In  the  case  of  l79Hf,  a  high  multipolarity,  L  -  9, 
almost  cancels  the  transition  strength.  But  such  restric¬ 
tions  would  be  significantly  moderated  in  a  model  that 
considers  the  electromagnetic  transition  in  the  com¬ 
pound  system  including  both  nuclear  and  atomic  sub¬ 
systems.  An  approach  to  the  compound  states  has  been 
discussed  in  [32,  33]. 

The  total  angular  momentum  of  the  compound  sys¬ 
tem1  Jc  is  formed  as  a  vector  sum  of  nuclear  and  atomic 
spins.  This  is  illustrated  in  Fig.  3  for  the  specific  case  of 
i 79w2j_j f  triggering  via  method  II.  The  initial  compound 
state  contains  an  isomeric  nucleus  with  1n  =  25/2  and  a 
valence  electron  in  the  O  V  shell  with  ja  =  5/2.  The  final 
state  corresponds  to  the  nucleus  in  the  triggering  level 
with  In  ~  7/2  and  the  electron  at  the  N  VII  orbit  with 
ja  -  7/2.  The  transition  between  initial  and  final  states 
combines  the  nuclear  triggering  transitions  plus  the  O 
V  — N  VII  electron  transition.  In  total,  the  compound 
system  changes  the  angular  momentum  by  a  value  of 
A7r  =  3,  compared  with  A ln  =  9. 

The  transition  rate  should  be  increased  by  many 
orders  of  magnitude,  1015— 1020,  when  the  multipolarity 
is  changed  from  L  -  9  to  L  -  3.  For  a  reasonable  prob¬ 
ability  of  triggering  to  be  expected  within  the  corn- 

1  Jc  =  F,  where  the  symbol  F  is  used  in  some  publications. 


pound  mechanism,  octupole  transitions  are  among  the 
most  typical  for  the  nuclear  case.  However,  two  addi¬ 
tional  problems  should  be  discussed. 

First,  what  happens  to  the  ^f-hindrance  factor  within 
such  a  scheme?  In  Fig.  3,  one  can  see  that  all  vectors  I,n 
ja,  and  Jc  are  aligned  along  the  symmetry  axis  of  the 
nucleus  shown  in  the  form  of  an  ellipsoid.  The  quadru- 
pole  deformation  is  really  a  property  of  the  179Hf 
nucleus,  and  the  K  quantum  number  is  defined  as  the 
projection  of  angular  momentum  onto  the  symmetry 
axis.  When  alignment  takes  place  as  in  Fig.  3,  the  com¬ 
pound  state  formally  should  have  Kc  =  Jr.  The  addi¬ 
tional  hindrance  by  K  does  not  exist  because  AK(.  = 
AJr  =  L  =  3.  The  established  rule  defines  the  degree  of 
K  hindrance  to  be  (AAf  -  L)  and  there  is  no  hindrance  if 
(AK -  L)  =  0.  Thus,  the  scheme  shown  in  Fig.  3  provides 
a  rather  low  multipolarity  of  the  electromagnetic  transi¬ 
tion  and  excludes  the  effect  of  K  hindrance  even  when 
the  pure  nuclear  transition  is  strongly  forbidden  by  AJ 
and  AK. 

A  second  question  arises:  What  is  the  amplitude  of 
the  hybridization  of  atomic  and  nuclear  states?  They 
may  be  completely  decoupled  and  still  compound 
states  may  arise,  in  principle,  but  with  very  low  contri¬ 
bution  to  the  wavefunction.  Even  if  only  a  little  admix¬ 
ture  is  present  in  the  wavefunction  of  the  system,  this 
can  be  important  in  the  case  of  strongly  forbidden  tran¬ 
sitions.  When  the  transition  is  almost  stopped  due  to 
high  AJ  and  AK  values,  the  admixture  of  compound 
states  may  allow  a  small  but  reasonable  probability.  It 
would  not  be  easy  to  calculate  the  amplitude  of  hybrid¬ 
ization  quantitatively,  although  some  physical  argu¬ 
ments  can  be  proposed. 

A  70  eV  virtual  photon  responsible  for  the  trigger¬ 
ing  of  the  ,79"/2Hf  isomer  has  a  wavelength  of  X  =  2.8  x 
10“7  cm,  i.e.,  larger  than  the  radius  of  the  vacant  N  VII 
orbital.  This  is  also  true  for  other  cases,  when  deeper 
orbit  vacancies  are  used  for  NEET.  One  can  think  that 
the  electromagnetic  wave  covers  both  a  nucleus  and  the 
electron  orbit  within  one  wavelength  and  this  provides 
a  feedback  for  the  coupling  of  nuclear-atomic  states. 

Let  us  characterize  in  more  detail  the  I79'"2Hf  trig¬ 
gering  via  scheme  II  using  the  compound  states  shown 
in  Fig.  3.  In  the  singly  ionized  atom,  the  atomic  transi¬ 
tion  OV  — -  NVII  has  an  energy  of  about  10  eV,  which 
is  not  enough  for  nuclear  excitation  of  the  7/2+  level 
located  70  eV  above  the  25/2“  isomer.  But  when  more 
electrons  are  removed,  the  energy  of  the  electron  tran¬ 
sition  grows  significantly  and  matching  with  the 
nuclear  transition  energy  can  be  reached.  Also,  the 
Auger  conversion  is  excluded  when  weakly  bound  elec¬ 
trons  are  stripped.  Due  to  that,  the  N  VII  vacancy  can 
decay  only  via  a  radiative  process  or  nuclear  conver¬ 
sion,  when  a  valence  electron  appears  in  the  O  V 
orbital.  The  lifetime  of  the  vacancy  is  increased  to 
longer  than  1  ps  [30],  while  the  nuclear  lifetime  of  the 
7/2+  triggering  level  at  1.105.91  keV  should  be  about 
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0.01  ps  according  to  standard  nuclear  estimations.  In 
this  case,  the  nuclear-to-atomic  widths  ratio  is  reversed, 
F,j  >  unlike  the  more  typical  situation  when  Tn 
Va.  Consequently,  under  the  conditions  of  atomic- 
nuclear  resonance,  the  nuclear  conversion  should  dom¬ 
inate  beyond  the  radiative  decay  of  the  N  VII  vacancy. 

Finally,  energy  matching  in  this  scheme  can  be 
reached  and  the  width  mismatch  works  in  favor  of 
nuclear  conversion  of  the  atomic  transition.  Thus,  the 
probability  of  l79w2Hf  triggering  is  restricted  only 
because  the  nuclear  transition  is  deeply  suppressed  by 
high  A /  and  AK  values.  But,  as  we  discussed  above,  in 
the  scheme  of  compound  atomic-nuclear  states,  the  A / 
and  AK  restrictions  are  moderated  or  even  nearly  can¬ 
celled.  The  probability  of  the  process  is  defined  by  the 
amplitude  of  the  atomic-nuclear  hybridization  with 
formation  of  the  compound  states.  The  latter  amplitude 
has  not  yet  been  reliably  calculated,  but  might  be  large 
enough  to  have  a  positive  effect. 

A  similar  scheme  may  also  be  useful  for  the  third 
scheme  of  179m2Hf  triggering,  but  with  some  modifica¬ 
tion.  In  this  scheme,  the  excitation  of  a  hypothetical 
triggering  level  requires  90  keV  photon  absorption,  so 
bremsstrahlung  or  synchrotron  radiation  photons 
should  be  used.  The  multipolarity  of  the  nuclear  transi¬ 
tion  is  high,  L  =  5,  and  nuclear  excitation  is  normally 
stopped  due  to  this.  If  the  isomeric  atom  is  ionized  and 
excited,  some  atomic  transition  may  accompany  the 
90  keV  photon  absorption.  The  spin  deficit  can  be  sup¬ 
plied  by  the  simultaneous  atomic  transitions  and  then 
the  nuclear-excitation  gateway  becomes  open.  Appro¬ 
priate  conditions  can  be  created  by  exposing  the  iso¬ 
meric  sample  simultaneously  to  hard  X-ray  radiation 
and  to  powerful  pulses  of  optical  laser  photons.  This 
would  be  nuclear  excitation  assisted  by  electron  transi¬ 
tions. 

The  triggering  of  242mAm  by  the  electron  transition 
to  the  M  or  L  vacancy  [12]  in  the  americium  atom  uses, 
in  principle,  a  scheme  similar  to  the  discussed  above  in 
scheme  II  for  l79wi2Hf  triggering.  Only  the  energy  of 
transition  is  60  times  higher.  But  again  the  combination 
of  nuclear  and  atomic  spins  might  be  helpful  to  exclude 
the  retardation  of  the  transition  due  to  the  A /  and  AK 
differences.  Therefore,  the  NEET  probability  of  1012 
for  242"'Am  triggering  estimated  in  the  previous  section 
should  be  increased  rather  than  decreased.  If  in  reality 
it  is  on  the  order  of  I0rI°,  the  triggering  rate  reaches 
108/s,  i.e.,  200  times  higher  than  the  spontaneous  decay 
rate.  Thus,  in  ECRIT  conditions,  the  rate  of  decay  can 
be  strongly  accelerated,  and  this  is  important  for  appli¬ 
cations. 


6.  SUMMARY 

Within  a  mechanism  of  atomic-nuclear  resonance, 
or  NEET,  the  isomer  triggering  yield  is  restricted 
mostly  by  three  different  factors: 
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(1)  A  frequency  detuning  between  nuclear  and 
atomic  transitions. 

(2)  A  mismatch  of  widths  of  nuclear  and  atomic 
states. 

(3)  A  strong  retardation  of  nuclear  transitions 
because  of  high  multipolarity  and  K  hindrance. 

In  an  atom  that  is  deeply  ionized  to  high  charge 
states,  the  appropriate  transitions  can  be  found  for 
NEET  in  some  nuclei  and  the  detuning  problem  is 
solved  because  of  the  charge-dependent  position  of  the 
atomic  levels.  The  probability  of  nuclear  conversion  of 
the  atomic  transition  is  normally  reduced  by  a  few 
orders  of  magnitude  due  to  the  mismatch  of  the  widths. 
However,  in  some  cases,  for  instance  in  I79"'2Hf  trigger¬ 
ing,  the  nuclear  conversion  is  not  suppressed  but  domi¬ 
nates  because  of  the  reversed  width  ratio.  The  third  rea¬ 
son  is  most  fundamental,  and  there  is  a  possibility  to 
decrease  the  retardation  factors  or  even  cancel  them  in 
a  model  of  the  atomic-nuclear  compound  states.  The 
strength  of  manifestation  of  such  states  depends  on  the 
amplitude  of  the  atomic-nuclear  coupling  that  results 
from  the  hybridization  of  the  wavefunctions. 

New  experiments  on  isomer  triggering  in  plasma 
surroundings  using  a  modem  electron  cyclotron  reso¬ 
nance  ion  trap,  ECRIT,  are  proposed.  They  can  be  pro¬ 
ductive  not  only  as  a  test  of  the  technical  parameters  of 
the  ECRIT  array  but  also  for  the  estimation  of  some 
fundamental  physical  values,  such  as  the  amplitude  of 
atomic-nuclear  hybridization. 

The  approaches  to  real  triggering  of  the  179m2Hf  iso¬ 
mer  are  newly  developed.  The  behavior  of  the  179"#Hf 
and  242,"Am  atomic-nuclear  systems  in  ECRIT  is 
treated  in  some  quantitative  details. 
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ABSTRACT 

The  study  of  triggered  depopulation  of  nuclear  isomers,  with  accompanying  gamma 
emission,  is  a  rapidly-changing  field  which  is  only  now  attaining  some  degree  of  maturity. 
Because  isomer  decays  via  electromagnetic  transitions  are  strongly  inhibited,  the  interaction  of 
these  levels  with  externally-produced  photons  provides  an  important  probe  of  nuclear  structure. 
Also,  since  some  isomers  may  store  large  amounts  of  energy  for  long  times,  a  number  of 
applications  have  been  proposed,  including  the  creation  of  a  gamma-ray  laser.  Early 
experiments  conclusively  demonstrated  triggering  of  the  10I5-year  isomer  of  l80Ta,  but  even  a 
partial  correlation  of  the  effect  with  known  levels  could  only  be  obtained  recently. 
Investigations  of  triggering  for  the  31 -year  isomer  of  I78flf  were  initially  guided  just  by 
systematics  and  experiments  are  characterized  by  considerable  controversy.  Against  this 
background,  the  field  of  triggered  gamma  emission  is  entering  a  new  phase  in  which  improved 
level  data  allow  targeting  of  specific  potentially- useful  transitions.  This  paper  summarizes  the 
current  state-of-the-art  and  discusses  the  changing  nature  of  the  field. 

INTRODUCTION 

Metastable  excited  nuclear  states,  isomers,  have  been  a  major  subject  of  inquiry  since  their 
discovery  in  1921,  with  studies  motivated  in  different  ways  by  their  physical  properties.  Isomer 
halflives  am  the  gamut  from  rather  modest  (like  the  T1/2  ~  14  ms  shape  isomer  of242Am)  to 
extremely  long  (like  the  essentially  stable  spin  isomer  I?0mTa,  with  T 1/2  >  10 15  years).  In  all 
cases,  the  existence  of  an  isomer  reflects  specific  nuclear  structure  that  creates  some  type  of 
potential  barrier  against  electromagnetic  decay  of  the  metastable  level  to  lower-lying  states.  For 
so-called  spin  isomers,  it  is  the  angular  momentum  arising  from  a  particular  single-particle 
configuration  that  provides  such  a  barrier,  forcing  electromagnetic  decays  to  be  restricted  to  high 
multipolarities.  A  further  inhibition  for  K  isomers  of  deformed  nuclei  comes  from  a  need  to 
significantly  re-orient  the  angular  momentum  vector,  whose  projection  on  the  body  axis  of 
nuclear  symmetry  is  K.  A  full  discussion  of  the  underlying  mechanisms  of  isomer  formation  is 
beyond  this  present  paper,  but  an  excellent  review  may  be  found  in  Ref.  [1  ].  Die  population  and 
decay  of  isomers  can  give  considerable  insight  into  nuclear  structure. 

Isomers  have  also  been  of  great  interest  for  potential  applications,  primarily  due  to  the 
ability  of  some  isomers  to  store  tremendous  amounts  of  energy,  e.  g.  the  K  isomer  l78m2Hf  stores 
2.46  MeV  per  nucleus,  or  about  1.2  GigaJoules/gram,  with  a  halflife  of  31  years.  Its  natural 
decay  follows  a  complex  cascade  of  transitions  that  has  recently  been  clarified  [2],  terminating  at 
the  stable  ground  state.  Flarnessing  this  stored  energy  could  give  a  source  of  “clean”  nuclear 


energy  for  various  applications  [3].  Some  other  isomers  do  not  have  stable  ground  states,  but 
might  still  be  valuable  in  providing  a  sequence  of  energy-releasing  beta  or  alpha  decays.  It  is 
amusing  to  note  that  the  potential  for  applications  of  nuclear  isomers  has  been  featured  lately  in 
the  popular  press,  with  somewhat  negative  views  [4,  5]. 

Whatever  the  motivation,  much  effort  has  been  expended  to  investigate  the  triggering  of  an 
energy  release  from  long-lived  isomers,  mainly  as  a  burst  of  gamma  rays.  A  number  of  issues 
come  to  the  fore  when  considering  this  topic:  what  isomers  would  be  best  to  examine,  what 
mechanism(s)  would  allow  external  control  or  bypass  of  the  natural  decay,  and  how  would  one 
experimentally  measure  a  triggered  release  from  small  amounts  of  isomers.  Of  course,  the 
experimental  goal  would  be  to  measure  the  energy  required  for  the  triggering  entity  (photons, 
neutrons,  etc.)  and  the  cross  section  for  the  reaction. 

In  2001,  an  extensive  review  [6]  discussed  the  general  topic  with  a  focus  on  triggering 
initiated  by  photons  and  a  view  of  the  systematics  of  isomer  triggering  as  deduced  from  the 
closely-related  “activation”  of  isomers.  Just  one  isomer  exists  in  nature  ('  0mTa)  and  its  tr  iggered 
energy  release  has  been  conclusively  demonstrated  (see  Refs.  [7,  8]  and  references  therein).  Up 
to  now  the  main  method  of  predicting  possible  trigger  energies  for  other  isomers  was  to  consider 
their  relationship  to  the  systematics  of  isomer  activation  for  neighboring  isotopes  and  to  trigger 
levels  found  to  depopulate  l80mTa.  This  approach  was  most  notably  used  in  the  case  of  the  31- 
year  isomer  of  l78Hf.  It  was  suggested  in  1995  that  on  this  basis  a  trigger  level  might  be  found 
“near  2.8  MeV”  [9]  from  the  “speculation  that  [trigger]  levels  are  prevalent  and  lie  between  2.5  - 
2.8  MeV”  [10].  First  trigger  experiments  were  attempted  in  1996  by  inelastic  scattering  of  alpha 
particles  at  Orsay,  with  a  repeat  in  1997,  but  as  yet  no  firm  results  are  known.  The  first  photon 
triggering  experiments  began  in  late  1998  and  the  positive  indications  reported  therefrom  [11, 
12]  began  the  present  intense,  and  controversial,  period  of  research. 

The  field  of  study  of  triggered  gamma  emission  from  isomers  is  now  moving  into  a  new 
era,  defined  by  less  reliance  on  systematics  predictions  and  utilizing  the  greatly  improved 
spectroscopic  level  data  from  more  traditional  experiments.  With  the  ability  to  identify  and 
target  specific  potential  trigger  transitions,  one  can  anticipate  a  greatly  increased  pace  of 
research.  Thus,  with  this  changing  approach,  and  the  new  body  of  intriguing  results  for  triggered 
emission  from  17Sm2Hf,  it  is  useful  to  consider  the  state  of  the  field  and  a  perspective  on  recent 
experiments.  This  paper  aims  to  provide  a  context  in  which  interested  scientists  can  make  their 
own  evaluations  of  the  status  of  the  field. 

ESTABLISHED  TRIGGERING  OF  180mTa 

The  rarest  isotope  of  the  rarest  element,  and  the  only  naturally-occurring  isomer,  is  the  75- 
keV  metastable  state  of  l80Ta.  Its  halflife  of  more  than  1015  years  reflects  the  fact  that  an  M8 
electromagnetic  transition  is  required  for  spontaneous  decay  to  the  unstable  ground  state 
(T 1/2  =  8.1  h).  The  possible  depletion  of  this  isomer,  with  accompanying  gamma  emission,  due 
to  incident  photons  might  severely  impact  models  of  the  isotope’s  production  in  stars  [13].  For 
this  reason,  and  the  general  motivations  mentioned  before,  triggered  gamma  emission  of  this 
isomer  has  been  studied  for  more  than  a  decade.  The  first  demonstration  [14]  that  the  isomer 
could  be  depleted  was  accomplished  by  irradiating  tantalum  samples  with  6-MeV 


bremsstrahlung  from  a  medical  linac.  There  was  essentially  no  guidance  prior  to  that  experiment 
as  to  what  transition  energies  might  cause  triggering  -  fortunately,  this  did  not  stop  the  attempt  at 
detecting  an  effect. 


Though  the  isomer  population  was  depleted,  the  single  initial  measurement  with  a  fixed 
continuum  of  incident  photons  could  not  identify  what  energy  caused  the  triggering.  It  was  left 
for  later,  more  detailed  studies  [8,  15,  16]  to  determine  what  the  trigger  energies  were  and  to 
measure  their  integral  cross  sections,  ICS.  It  is  interesting  to  note  that  after  a  strong  trigger  level 
near  2.8  MeV  was  found  [15],  there  was  concern  that  the  measured  transition  strength  was  far 
greater  than  that  consistent  with  established  nuclear  systematics  [17].  Subsequent  experiments 
[8,  16]  showed  that  strength  to  be  an  overestimatbn  due  to  contributions  from  lower- lying 
trigger  levels  that  were  unresolved  in  the  earlier  study  of  Ref.  [15].  In  the  end,  the  triggering  of 
ls0Ta  was  found  to  be  in  reassuring  agreement  with  established  nuclear  bounds  [18].  The  strong 
triggering  level  near  2.8  MeV  forms  one  of  the  bases  for  expecting  similar  transitions  in 
neighboring  nuclei,  perhaps  for  triggering  other  isomers. 

An  identification  of  triggering  energies  with  known  levels  from  detailed  spectroscopic 
measurements  waited  until  2001  [7].  It  is  now  possible  to  predict  specific  gamma  rays  that 
would  be  emitted  in  some  triggered  events,  a  critical  guide  to  future  experiments  that  aim  to 
better  characterize  the  process.  This  can  be  viewed  as  the  first  real  bridge  between  experiments 
on  triggering  and  traditional  nuclear  physics. 

DEVELOPMENT  OF  SYSTEMATICS 

In  the  early  1990’s,  a  focused  series  of  experiments  (Refs.  [19-21]  and  references  therein) 
were  performed  to  investigate  the  activation  of  various  isomers,  including  many  in  the  A~  1 80 
region  of  nuclides.  The  general  process  of  photo-activation  involves  two  distinct  steps:  First,  a 
nucleus  in  its  ground  state  absorbs  an  incident  photon  and  becomes  excited  to  a  so-called 
intermediate  state.  Then,  the  intermediate  state  decays  electromagnetically  with  some  branch 
leading  by  a  cascade  to  an  isomeric  level.  Utilizing  bremsstrahlung  to  reach  excitation  energies 
of  a  few  MeV,  numerous  intermediate  states  were  found  and,  interestingly,  all  tested  isotopes 
near  mass  180  showed  the  presence  of  an  intermediate  state  near  2.8  +  0.3  MeV  [21].  Also,  the 
integral  cross  sections  for  these  particular  intermediate  states  were  deduced  to  be  quite  large  and 
they  were  termed  giant  pumping  resonances. 

In  parallel,  different  measurements  were  focusing  on  anomalous  spontaneous  decays  of 
some  shorter- lived  isomers  in  the  mass  180  region.  One  particular  example,  174 [If,  deserves 
special  mention.  The  14+  isomer  of  this  isotope  lies  at  3.312  MeV  and  is  characterized  by 
K  =  14,  differing  by  6  or  more  units  from  the  levels  to  which  it  primarily  decays.  But  anomalous 
decays  from  this  isomer  were  detected  in  1990  [22]  that  seemed  to  occur  through  a  mediating 
level  at  2.685  MeV  into  the  K  =  0  ground-state  band.  Only  0.7%  of  the  isomer  decays  followed 
this  path,  but  even  this  was  a  surprise  since  overall  AK  =  14  would  be  needed  in  just  two  steps. 
A  later  experiment  studied  this  mediating  state  in  more  detail  [23]  and  described  a  mechanism  by 
which  significant  mixing  in  the  wavefunction  between  high-  and  low-K  components  played  the 
important  role.  Other  K-mixed  states  at  energies  from  2-3  MeV  were  found  in  nearby  isotopes 
(see  the  survey  in  Ref.  [24])  to  facilitate  some  isomer  decays,  leading  to  halflives  that  were  much 


shorter  than  expected.  The  key  point  is  that  these  isomers  lay  above  the  mediating  states  and 
could  therefore  decay  through  them  spontaneously.  An  isomer  lying  below  a  level  possessing 
significant  K-mixed  character  would  be  longer- lived,  but  the  nucleus  could,  in  principle,  be 
excited  to  that  state.  If  the  K-mixed  state  had  a  measurable  decay  branch  that  cascaded  to  the 
ground  state,  this  would  provide  a  triggered  release  of  the  isomer  energy  [9]. 

The  above  systematics  arguments  suggested  that  intermediate  states  near  2.8  MeV  might 
be  readily  available  for  triggered  gamma  emission  in  isotopes  near  A  -  180.  Recognizing  [10, 
25]  that  the  31  -year  isomer  178m2Hf  lies  at  2.445  MeV,  this  nuclide  became  the  primary  candidate 
for  testing.  It  was  not  possible  to  specifically  identify  what  energy  might  be  suitable  for 
triggering  with  photons,  but  the  limited  information  available1  from  the  Orsay  experiments  only 
seemed  consistent  with  triggering  at  less  than  100  keV.  Thus,  this  was  the  regime  of  initial 
interest. 

PHOTON  TRIGGERING  EXPERIMENTS  FOR  l78m2Hf 

The  first  published  experiment  investigating  triggered  gamma  emission  from  178m2Hf  was 
conducted  in  late  1998  [11].  This  paper  reported  evidence  of  triggered  gamma  emission  which 
was  seen  to  occur  when  a  sample  containing  6.3  x  1014  l78m2Hf  nuclei  was  irradiated  with  a 
modest  x-ray  tube.  A  positive  indication  of  triggering  was  deduced  by  comparing  the  gamma 
rays  emitted  from  the  sample  during  irradiation  with  those  emitted  due  to  natural  decay  with  no 
irradiatioa  The  bremsstrahlung  endpoints  of  the  xray  tube  were  70  and  90  keV,  thus  the 
supposed  trigger  energy  must  lie  at  lower  energies.  Most  surprising  was  the  corresponding 
integral  cross  section  calculated  from  the  reported  effect,  about  10‘21  cm2  keV,  or  106  eV  b  in 
more  standard  nuclear  units.  This  magnitude  was  astounding,  being  much  larger  than  expected 
nuclear  transition  strengths  [26,  27]  and,  in  fact,  within  a  few  orders-of-magnitude  of  atomic 
cross  sections  (when  integrated  over  some  reasonable  energy  width). 

The  natural  decay  of  l7Sm2Hf  follows  the  scheme  shown  in  Fig.  1(a).  These  transitions  are 
well-established  [28],  although  a  recent  work  [2]  found  additional  less  intense  transitions.  A 
gamma- ray  spectrum  obtained  by  standard  techniques  would  show  peaks  and  Compton  continua 
due  to  these  transitions.  The  isomeric  material  was  obtained  from  material  produced  at  Los 
Alamos  in  1980  [29]  and  contained  a  significant  contamination  of  the  radioisotope  "Hf. 

Differences  in  the  areas  of  peaks  seen  in  gamma  spectra  were  observed  after  scaling  the 
spectra  for  different  effective  count  durations.  In  the  main,  a  channel-by-channel  subtraction 
was  done  to  detect  residual  changes  in  peak  sizes.  The  best  evidence  of  triggering  was  a  2.8a 
increase  in  the  emission  of  the  495-keV  transition  located  above  the  4-s,  8-  first  isomer  of  178Hf. 
Figure  1(b)  shows  the  transitions  which  were  reported  to  show  enhancements  due  to  triggering. 
Concern  over  the  analytical  method  was  discussed  in  Ref.  [30], 

The  statistically  modest,  yet  very  intriguing,  evidence  made  it  clear  that  improved 
techniques  and  studies  were  imperative.  Thus,  Refs.  [11,  12]  began  a  continuing  period  of 
fascinating,  but  controversial  results.  To  gain  a  proper  perspective  of  the  published  results,  and 


1  The  data  were  not  distributed  to  participants  (inch  this  author)  and  only  a  few  screen  dumps  are  available  for 


review. 


therefore  the  status  of  investigation,  it  is  necessary  to  consider  the  body  of  literature  in  totality. 
Table  I  presents  a  very  brief  summary  of  these  results  as  a  guide  to  the  reader. 


Following  the  experiment  of  Ref  [31],  an  ambitious  series  of  measurements  was 
performed  in  early  2002  which  have  not  yet  been  submitted  for  publication,  although  partial 
results  have  been  presented  at  several  meetings  [32,  33].  Of  the  six  general  techniques  [6]  that 
may  be  used  to  detect  triggering,  three  approaches  were  employed  in  these  experiments.  These 
included  attempts  to  detect  statistical ly-significant  increases  (enhancements)  in  emission  of 
natural  decay  transitions,  emission  of  new,  prompt  triggered  cascades  that  by-passed  the  4s 
isomer,  and  depletion  of  the  total  activity  of  the  l78,n2Hf  isomer  after  an  intense  irradiation.  The 
X15A  (bending  magnet)  and  X17B1  (wiggler)  beamlines  at  BNL’s  National  Synchrotron  Light 
Source  were  utilized,  with  the  wiggler  being  used  for  a  long  “burn- up”  attempt  without  in-beam 
detection  Single  and  multi-detector  systems  recorded  gamma  spectra  with  monochromatic 
irradiation  of  an  isomeric  sample  at  X15A  and  counting  durations  were  about  500  s  at  each 
incident  monochromatic  energy.  The  L[,  L2  and  I3  edges  were  scanned.  Be  was  used  to 
encapsulate  the  Hf  deposit.  For  irradiations  performed  using  the  “white”  beam,  spectra  were 
acquired  for  about  1 1  hours  each  with  the  Hf  deposit  in  the  beam,  out  of  the  beam  and  with  no 
beam  No  evidence  to  support  triggered  gamma  emission  at  energies  <  100  keV  was  seen  in¬ 
beam  and  no  significant  depletion  of  isomer  activity  was  detected  after  the  wiggler  irradiation. 

It  is  difficult  to  reconcile  the  positive  results  with  the  null  measurements  above  and  in 
Table  I.  The  null  measurements  were  obtained  by  several  groups  (comprised  by  individuals 
from  various  national  and  international  institutions)  and  using  a  variety  of  experimental 
techniques.  The  differences  just  among  the  positive  reports  themselves  are  also  difficult  to 
understand  and  this  is  only  confused  further  by  the  new  report  [34]  that  triggered  (enhanced) 
emission  at  213  keV  occurs  within  a  few  tens  of  nanoseconds  after  the  short  pulses  of 
monochromatic  synchrotron  radiation  coming  from  the  electron  bunches.  This  proposal  might 
explain  why  null  results  were  obtained  from  experiments  that  acquired  data  for  essentially 
continuous  periods  of  seconds  or  more.  During  such  longer  periods,  increased  emission  in  short 
bursts  might  well  be  lost  among  naturally  emitted  gammas  from  the  spontaneous  decay  that 
accumulate  steadily.  Of  course,  this  proposed  burst  emission  would  contradict  the  positive 
report  of  Ref  [35],  obtained  with  tens  of  seconds  acquisitions  at  the  SPring-8  synchrotron. 

Clearly,  further  studies  are  needed  to  lesolve  the  current,  and  rapidly-changing  landscape 
regarding  triggering  of  178m2Hf  at  low  energies  (less  than  100  keV).  While  that  work  continues, 
the  possibility  of  so-called  mid-energy  triggering  (100  keV  to  a  few  MeV)  has  yet  to  be 
explored.  For  these  energies,  specific  potential  trigger  transitions  can  be  targeted  based  on  state- 
of-the-art  level  data. 


2  Collaboration  of  Broohkaven  National  Lab  (Z.  Zhong),  SRS  Technologies,  Inc.  (M.  Helba,  H.  Roberts)  and 
Youngstown  State  University  (J.  Burnett,  J.  Carroll,  T.  Drummond,  J.  Lepak,  R.  Propri). 


TARGETED  TRANSITIONS  FOR  TRIGGERING  STUDIES 


Level  schemes  like  that  reported3  in  Ref.  [36]  provide  important  guidance  to  known 
electromagnetic  transitions  that  might  enable  triggering.  It  was  determined  that  the  14',  68-jas 
isomer  (with  K  =  14)  decayed  with  several  branches,  one  of  which  led  to  the  4-s  isomer  band  and 
another  of  which  led  to  the  31 -year,  16+  isomer  (K  =  16)  as  shown  in  Fig.  2(a).  The  essential 
point  is  that  the  latter  transition  has  an  E2  character  and  with  L=  2  and  AK  =  2,  there  is  no  K 
hindrance.  Thus,  the  126-keV  transition  from  the  16+  isomer  to  the  14'  isomer  should  produce 
triggered  gamma  emission  in  a  cascade  that  closely  resembles  the  natural  decay  of  the  31 -year 
state.  It  is  important  to  note  that  no  triggering  experiment  performed  to-date  utilized  an 
irradiation  with  significant  levels  of  photons  above  100  keV.  Depletion  of  l78m2Hf  using  incident 
126-keV  photons  would  be,  if  demonstrated  experimentally,  an  example  of  “mid-energy” 
triggering.  Although  perhaps  of  less  value  for  potential  applications,  this  would  nevertheless  be 
a  valuable  scientific  step. 

At  even  higher  excitation  energies,  it  is  reasonable  to  expect  a  number  of  additional 
trigger  transitions  as  K  conservation  plays  a  lesser  role  [37]  (or,  as  for  the  126-keV  transition 
there  is  no  excess  AK  at  all).  A  first  indication  of  such  higher- lying  trigger  states  may  be 
inferred  from  a  recent  experiment  [38].  Multiple  Coulomb  excitation  was  used  to  excite  levels  as 
high  as  20+  in  the  ground-state  band  of  ,78Hf  from  a  non- isomeric  target  and  it  was  a  surprise  to 
discover  that,  as  a  result,  the  31-year  isomer  was  populated.  It  was  interpreted  to  be  caused  by 
electromagnetic  transitions  from  the  J  =  14-20  members  of  the  ground -state  band  to  levels  in 
the  band  of  the  3 1  -year  isomer.  Most  intriguing  is  that  any  decays  from  the  ground-state  band 
directly  to  this  isomer  can  serve  as  triggering  transitions  when  one  begins  with  an  isomeric 
target.  Three  potential  transitions  of  this  type  may  be  proposed  from  the  level  scheme  of 
Ref.  [38],  at  331,  990  and  1676  keV  as  shown  in  Fig.  2(b).  It  remains  for  experiments  to  test 
triggering  at  these  energies,  as  well  as  at  1 26  keV. 

The  ability  to  target  specific  potential  transitions  in  studies  of  triggered  gamma  emission 
is  a  major  improvement.  While  many  examples  might  be  cited,  this  paper  will  conclude  by  brief 
discussions  of  179raHf  (Ti#  =  25.1  d)  and  242mAm  (T1/2  =  141  y;  different  from  the  shape  isomer  of 
this  isotope). 

The  long-lived  isomer  of  242Am  may  be  produced  by  neutron  capture  with  a  significant 
cross  section  [6]  and  is  partnered  with  a  ground  state  having  a  16-h  halflife.  The  level  data 
shows  that  at  just  4.3  keV  above  the  5'  isomer  lies  a  3'  level  that  can  be  reached  by  an  E2 
transition,  as  shown  in  Fig.  3.  This  transition  has  not  been  observed  experimentally,  which  may 
be  an  indication  of  significant  K  hindrance  since  the  isomer  and  potential  trigger  level  lie  in 
K  =  5  and  1  bands,  respectively.  The  possibility  of  using  4.3-keV  photons  to  release  not  only  the 
49  keV  stored  by  the  isomer,  but  also  that  resulting  from  the  chain  beginning  with  the  ground - 
state  transmutation,  makes  242mAm  of  particular  interest  for  experiments. 

Production  of  l79mHf  has  recently  been  reported  via  the  (n,  n’)  reaction  [39],  and  with  a 
cross  section  sufficient  for  the  preparation  of  experimental  targets.  Most  intriguing  is  that  for 

3  Special  thanks  to  F.  Kondev,  G.  Dracoulis  and  P.  Regan  for  returning  attention  to  this  paper  and  its  relevance  to 
triggering  of  l78"l2Hf. 


this  25/2'  isomer,  lying  at  1.106  MeV,  three  potential  trigger  schemes  may  be  identified  from  the 
level  data,  each  of  which  reflects  different  mechanisms  and  would  require  quite  different 
experimental  approaches.  A  full  discussion  of  these  schemes  may  be  found  in  Ref.  [40]. 

So  far,  published  work  only  reflects  studies  of  photon  triggering  of  isomers.  The 
approach  of  using  incident  electron  beams  is  also  attractive  and  deserves  attention. 

SUMMARY 

The  study  of  triggered  gamma  emission,  with  its  insight  into  nuclear  structure  and 
possible  impact  on  applications,  has  long  relied  on  systematics  as  the  primary  (and  sometimes 
only)  guide  to  experiments.  With  the  advent  of  more  detailed  spectroscopic  level  schemes,  it  is 
now  possible  to  target  specific  transitions  for  investigation  in  the  case  of  many  isomers.  The 
field  is  rapidly-changing  and  perhaps  the  controversial  results  for  triggering  of  178m2Hf  are 
merely  signs  of  its  growing  maturity. 

ACKNOWLEDGMENTS 

The  author  gratefully  recognizes  S.  Karamian  and  M.  Harston  for  their  many  valuable 
discussions  on  this  manuscript.  This  work  was  supported  by  the  US  Air  Force  Office  of 
Scientific  Research  grant  F49620-02-1-0187. 

FIGURE  CAPTIONS 

Figure  1.  Schematic  showing  (a)  the  transitions  (grey)  most  responsible  for  the  natural  decay  of 
1 7Xl":\Hf.  Newly  discovered  [2]  weak  natural  transitions  are  not  included.  Solid  arrows  in  the 
other  panels  show  transitions  reported  to  be  enhanced  under  irradiation.  The  unfilled  arrow  is  a 
transition  reported  to  reduce  its  emission  under  irradiation.  Widths  of  the  arrows  give  the 
relative  enhancements  for  the  given  experiment. 

Figure  2.  Partial  level  schemes  for  l78Hf  showing  decay  transitions  that  may  allow  triggering 
when  beginning  with  isomeric  nuclei:  (a)  The  known  transition  [36]  at  126  keV  and  branches 
that  would  initiate  a  triggered  gamma  cascade  to  the  4-s  isomer  band;  (b)  transitions  inferred 
from  the  results  of  Ref.  [38],  with  possible  decays  leading  directly  to  the  31 -year  isomer  in  bold 
that  might  allow  triggering  if  beginning  with  isomeric  nuclei. 

Figure  3.  Partial  level  scheme  for  242Am  showing  a  potential  4.3-keV  trigger  transition 


TABLE  I  (part  1):  Published  results  on  triggering  of  l78ra2Hf.  Irradiations  were  from: 
bremsstrahlung  (B),  “white”  synchrotron  radiation  (SR),  and  monochromatic  SR  (MSR).  The 
ICS  are  in  cm2  keV  and  all  energies  are  in  keV.  Gammas  from  the  natural  decay  cascade  in 
Fig.  1  used  as  evidence  of  triggering  are  identified,  e.  g.  £  -  ?1)  indicates  transition  1  in 
Fig.  1  (b).  “Disc.”  gives  this  author’s  comments  on  major  points,  while  the  other  entries  are  from 


the  publications.  Refs.  [41, 42]  are  essential 

y  duplicate  reports. 

Ref.: 

Collins 

1999  [11] 

Collins 

1999  [12] 

Collins 

2000  [43] 

Collins 

2001  [44]* 

Collins 

2001  [45] 

Trigg: 

Yes 

Yes 

Yes 

Yes 

Yes 

Irr: 

B 

B 

B 

B 

B 

Etrigg: 

<70 

<90 

<20 

Not  deduced 

Not  deduced 

ICS: 

1071 

if  Etrigg  =  40 

2  x  10'21 
if  Etrigg  =  30 

>  2.2  x  10'22 

if  Etrigg  <  20 

Not  deduced 

Not  deduced 

Evidence: 

495  peak  T 
2.8a  (b-yl) 

426  peak  T 
2%  (c  -  yl) 

325  peak  T 
1.5a  (d  -  yl) 

New  small 
peak  near 

130  seen 
coinc  ident 
with  2 1 3 

213,325  & 
426  peaks  T 
1%,  2% 
w/different 
x-ray  tube 
current  s, 

50  mA, 

80  mA 

426  peak  T 
1.6a  (b  -  y2) 

325  peak  T 
2%  (c  -  y2) 

213/217 
peak  T  3.3a 
(d  -  both 

72) 

No  details, 
but  similar 
result  from 
SPring- 8 
MSR 

New  weak 
peaks  at  2 1 0 
and  546 

Concl: 

Triggered 
cascade 
mainly  same 
as  natural 

Triggered 
cascade 
different 
somewhat 
from  natural 

Triggered 
cascade  not 

same  as 

natural 

Triggered 

cascade 

misses 

transitions 

above  4-s 

isomer 

Triggered 
cascade 
misses  all 
transitions 
above  4-s 
isomer 

Disc: 

574  peak  i 

1.22a 

(b-y3) 

No 

information 
about  495 

213  below, 
217  above 

4-s  isomer 
in  natural 
cascade 

130  peak 
has 

different 
width  from 
nearby 
large  peak 

Statistics 
insufficient 
to  prove 
linear 
scaling 

Extra 

normaliza¬ 

tion 

between  irr. 
and  non- in. 
spectra 

No  mention 
of 495  or 

426 

y  near  1 30 
from  l72Hf 
chain  [2] 

y near  2 10 
and  546  part 
of 1 72Hf 
decay  [2] 

Ge  detector 
cannot  reach 
quoted  250 
ps  timing 

*  This  paper  mainly  reviews  earlier  results  -  only  its  new  results  are  summarized  here. 


Table  I  (part  2):  Continuation  of  published  results  on  triggering  of  178nl2Hf. 


Ref. 

Ahmad 

Collins 

Ahmad 

Roberts 

Can-oil  2003 

2001  [46] 

2002  [35] 

2003  [47] 

2003  [31] 

[48] 

Trigg: 

No 

Yes 

No 

No 

No 

Irr: 

SR 

MSR 

SR 

MSR 

B 

Etrigg: 

None 

Near  Li,  L3 
edges 

None 

None 

None 

ICS: 

<  10'2,>  for 

~2  x  10'23 

<  10"2b  for 

<  10'23 

<  10"2U 

8-60 

for  Li  * 

6-20 

if  Etrigg  10 

Evidence: 

Null 

213/217  t 

Null 

Null 

Null 

measure- 

~  4.1a  by 

measure- 

measure- 

measure- 

ment 

summing 
spectra 
(e  yl  &  y2) 

ment 

ment 

ment 

Concl: 

Upper  limit 

Largest  T 

Upper  limit 

Scanned 

Initial  test 

for  prompt 

near  Li  - 

for  prompt 

Lj ,  L2  and 

of  multi- 

or  slow  (via 

about  10'3 

or  slow 

L3  edges 

detector  for 

4-s  isomer) 

of  atomic 

triggering, 

and  12.7  (E 

high 

triggering 

photo- 

for  broad 

of  1 st  decay 

sensitivity 

over  broad 

ionizations 

range  of 

natural 

of  prompt 

range  of 

cause  trigg. 

energies  > 

transition) 

triggering 

energies 

Triggering 

6 

20-s  data 

Need 

due  to 

acquisition 

Upgrade  to 

NEET 

at  each 

reduce  time 

MSR 

resolution 

energy 

<  150  ns 

States  null 

No 

Should  use 

measure¬ 

significant 

with  SR 

ment  [46] 

changes  > 

source 

was  due  to 

3a  seen  in 

opaque 
sample 
near  edges 

any  peaks 

Disc: 

Authors  of 

Beam-on 

Be  capsule 

Measure¬ 

Measure¬ 

[43]  argued 

data  taken 

used  to 

ment  done 

ment  done 

that  A1  in 

for 

eliminate 

in  fall  2001 

in  late  200 1 ; 

sample  for 

continuous 

suggested 

at  BNL 

also  done  at 

this  expt. 
removed 

60-s  periods 
at  each 

filtering  of 
incident 

BNL  MSR 
early  2002 

SR  photons 

MSR  energy 

photons 

<20 

Gross 

near  L 

Follow-up 

Upcoming 

necessary 

counts  used 

edges 

expts.  done 

experiment 

for 

for  peaks 

in  early 

at  SPring-  8 

triggering 

2002 

MSR 

*  Paper  gives  cross  section,  not  ICS.  This  value  estimated  from  quoted  cross  section  ~ 
2  x  JO'22  cm2  and  ~  100  eV  wide  range  over  which  enhancement  was  summed. 
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